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Abstract

Thin-Film-Transistors (TFTs) employing undoped zinc-oxide (ZnO) thin-films
are currently being investigated by the Air Force for microwave switching applications.
Since the on-resistance (Ron) of the device scales with channel length (Lc), ZnO TFT
optimization should be focused on reducing Lc, therefore minimizing the associated
insertion losses. In this research, deep sub-micron scaling of ZnO TFTs was undertaken
using a subtractive reactive-ion-etch (RIE) process. Under optimum processing
conditions, ZnO TFTs with Lc as small as 155 nm were successfully demonstrated. The
active ZnO channels of the TFTs were patterned by selective SFs-RIE of a tungsten
ohmic film through electron-beam defined openings in a polymethyl-methacrylate
(PMMA) based resist. Through electrical testing, the width normalized Ro, of ZnO TFTs
with 155 nm channels was extracted as 3.6 Q-mm and the devices were found to operate
at drain current densities and transconductance values of 830 mA/mm and 121 mS/mm,
respectively. Additionally, a total width-normalized source and drain parasitic resistance
of 2.1 Q'mm was observed using a gated transfer length method (TLM), indicating the
tungsten-ZnO interface is low resistance. This demonstration of high performance and
low Ry, suggests the potential for ZnO TFTs in switching and microwave power

applications.
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SUBTRACTIVE PLASMA-ASSISTED-ETCH PROCESS FOR DEVELOPING
HIGH PERFORMANCE NANOCRYSTALLINE ZINC-OXIDE THIN-FILM-
TRANSISTORS

l. Introduction

Background

The thin-film transistor (TFT) is a type of field-effect device that is similar in both
structure and operation to the well known metal-oxide semiconductor field-effect-
transistor (MOSFET), which has driven the explosion of digital logic technology over the
last half century [1]. However, unlike MOSFETs which utilize bulk single-crystal
semiconductors as both the structural and active current carrying layer [2]. The
active layer in a TFT consists of an amorphous, polycrystalline or nanocrystalline
semiconductor thin-film which may be deposited onto a wide variety of host substrates
and is compatible with low temperature fabrication processes [3]. The unique structure
and associated fabrication processes of TFTs, which are discussed in detail in Chapter 11,
enables TFTs to be employed in areas where the use of single-crystal MOSFETs would
be impractical. Examples include implementing electronic control and sense functions on
large-area, non-planar or even flexible surfaces. Yet, due to the reduced electronic
properties associated with semiconductor thin-films when compared to their single-
crystal counterparts, TFTs have historically found limited use outside of low speed and
low power applications [4].

As with single-crystal MOSFETS, silicon is currently the most widely used

material for TFT development. TFTs based on amorphous-silicon (a-Si) thin-films can



easily be fabricated on glass and other large area substrates, and have been used for
decades in active matrix display technologies [5]. However, a-Si TFTs suffer from
extremely low electron mobility, typically on the order of 1-2 cm?Vs, making them
unsuitable for use in high speed and high power circuits which require significantly
higher drive currents [6]. The performance of silicon based TFTs can be improved by
utilizing a polycrystalline-silicon (poly-Si) thin-film as the active channel layer. Still,
poly-Si TFTs present their own challenges including high fabrication temperatures
(typically in excess of 600°C), or expensive laser crystallization fabrication processes [7].

Recently, TFTs based on metal-oxide semiconductors, such as zinc-oxide (ZnO),
have emerged as possible alternatives to Si based TFTs. Metal-oxide TFTs have
demonstrated high electron mobility while maintaining low temperature fabrication
processes [8, 9, 10, 11], thus resolving the existing trade-off between process temperature
and device performance found in Si based TFTs. Moreover, the microwave amplification
potential of ZnO TFTs has recently been demonstrated, and it is expected that cut-off
frequencies greater than 10-GHz are possible with continued device improvements [12,
13]. These studies indicate the potential use of ZnO TFTs in high speed and high power

applications of interest to the military.

Motivation

Many of the most demanding military and aerospace electronics applications are
space-, weight-, and power-constrained [14]. New electronic technologies that meet these
constraints at a low cost are critical to maintaining a leading position in air and space

military systems. Thin-film electronics, based on high performance TFTs, have the



opportunity to not only increase the effectiveness of existing electronic subsystems, but
also offer the possibility of developing novel electronic functions in non-traditional areas.
These include wireless communication, digital logic, signal processing or even high
power switching appliations over large area or non-planar surfaces. Unfortunately,
existing TFT technologies based on a-Si cannot provide the performance requirements
necessary to meet the demands of advanced circuits. Therefore, one of the most important
aspects of developing advanced thin-film electronics is extending TFT device capabilities
to high power and RF levels of performance.

Currently, TFTs based on metal-oxide semiconductor thin films such as ZnO are
being aggressively pursued as replacements to a-Si TFTs due to their superior electronic
characteristics [15, 16]. With their demonstrated high mobility and high carrier velocity,
ZnO TFTs have huge potential for use in advanced electronic applications. Yet, outside
of the work by Bayraktaroglu et al. at the Air Force Research Laboratory [17, 18],
research in ZnO TFT development is almost exclusively focused on developing
transparent ZnO TFTs for the commercial display market [19, 20], which does not have
the demanding power and RF requirements of advanced military systems. In addition,
the display market imposes fabrication restrictions on ZnO TFT development, such as the
use of transparent electrodes, process temperatures below 150°C and the use solution
processed ZnO thin-films for low cost production. These fabrication restrictions limit the
RF and switching performance of the device. Therefore, the ultimate performance level

of ZnO TFTs remains unclear.



Problem Statement

In order for ZnO TFTs to be integrated into high performance and RF switching
circuits, they need to exhibit low insertion losses and operate at high RF. Since the
device on-resistance scales with channel length, a primary decision in ZnO TFT
optimization should be focused on reducing the channel length. Scaling down the channel
length not only reduces the on-resistance of the device, therefore minimizing insertion
losses, it also a means to boost RF performance. Unfortunately, techniques for device
scaling of ZnO TFTs have been restricted due to the processing and lithographic methods
used for device fabrication, which have not been optimized for developing devices with
channel lengths below 1 um. Therefore, in order to extend the performance levels of ZnO
TFTs for use in high performance and RF switching applications, novel fabrication
methods capable of producing devices with nanometer-scale channel lengths needs to be

investigated.

Justification

Traditionally, channel length definition of ZnO TFTs has been achieved by
shadow mask, wet chemical etching, or metal lift-off fabrication processes, resulting in
relatively long channel length devices [21]. Shadow mask techniques offer little pattern
definition control and are limited to large feature sizes. Wet chemical etching is difficult
due to ZnQO’s high etch rate in common acid based etchants. Finally, lift-off is a simple
damage free process for patterning devices, however, edge issues with lift-off patterning
causes difficulty in fabricating devices with feature sizes below 0.5 microns. An alternate

approach is to use a subtractive plasma-etch process to define the active channel length of



the device. However, for the plasma-etch process to be a viable solution for patterning
ZnO TFTs with nano-scale channel lengths, the etch process needs to pattern low
resistance source and drain contacts with high anisotropic etch profiles without damaging

the underlying ZnO film.

Approach

A recent effort by Herold identified various ohmic materials that can be
selectively etched against ZnO using a plasma-etch process in order to avoid the scaling
limitations found in lift-off defined devices [22]. This study provides foundational
research upon which nanometer-scale ZnO TFTs can be fabricated, with particularly
promising results employing tungsten and a titanium-tungsten alloy as ohmic contacts to
ZnO. The initial results from the study indicate ZnO TFTs with channel lengths below
200 nm are possible utilizing a subtractive plasma-etch process to define the source and
drain ohmic contacts. However, functioning devices were never realized due to
unforeseen fabrication errors, leaving many remaining questions on the performance of
subtractive etched ZnO TFTs. Furthermore, the contact resistance of tungsten and
titanium-tungsten on ZnO has not yet been characterized. The goal of this research is
therefore to build on the reported results, in an effort to assess the feasibility of
developing high performance ZnO TFTs with nanometer-scale channel lengths using a

subtractive plasma-etch process.

Methodology

In order to evaluate the subtractive plasma-etch process, substrate gated ZnO
TFTs were fabricated using an optical lithographical defined etch mask before

5



developing shorter channel length devices using electron-beam lithography. Both optical
and electron-beam lithographically defined devices were fabricated by using a reactive-
ion-etch (RIE) process in order to etch ohmic films using the underlying ZnO channel
layer as an etch stop. The source and drain contacts of ZnO TFTs with optical
lithographically defined channel lengths were patterned using multiple fluorine-based
RIE chemistries under varying plasma power conditions. The devices were then analyzed
using scanning electron microscopy (SEM) and tested for their (DC) electrical
characteristics. After completing fabrication and characterization of ZnO TFTs with
micron scale channel lengths. ZnO TFTs with sub-micron channels were fabricated and
characterized by RIE of ohmic films through an electron beam lithographically defined

etch mask.

Summary

The growing interest in employing TFTs in advanced electronic applications has
spawned research in developing high performance ZnO TFTs. However, in order for
these devices to be employed in high performance and switching applications, they need
demonstrate low on-resistance in order to minimize insertion losses while also operating
at high RF. Since the device on-resistance and frequency performance scales with
channel length, a primary decision in ZnO TFT optimization should be focused on
reducing the channel length. Thus, innovative fabrication methods focused on geometry
scaling of ZnO TFTs needs to be investigated. This research is aimed at developing a
subtractive plasma-etch process for fabricating ZnO TFTs with nanometer-scale channel

lengths. Subsequent chapters will detail TFT device theory and fabrication processes, the



methodology for experimental design and testing, results and analysis of the experimental

data, and recommendations for continued research.

I1. Background and Literature Review

Chapter Overview

This chapter reviews and discusses fundamental background and literature
information applicable to ZnO TFT development. The chapter itself is divided into four
main subsections: Thin-Film-Transistors, Zinc-Oxide, Contacts to ZnO, and Fabrication
Processes and Definitions. The Thin-Film-Transistor subsection introduces the physical
and electrical parameters of the TFT, including its structure, theory of operation, and
important figures of merit used for electronic evaluation. Additionally, particularly
relevant research in the development in high performance TFTs is discussed. The Zinc-
Oxide subsection examines the general parameters of ZnO, including its crystal structure,
electronic properties, and ZnO thin-film deposition methods. The Contacts to ZnO
subsections details the formation and testing of low resistance ohmic contacts. Finally,
the Fabrication Processes and Definitions section introduces applicable surface
micromachining fabrication methods that are used throughout this work, including ohmic
film deposition process, optical and electron-beam lithography, pattern transfer, and wet-

and plasma-etching techniques.



Thin-Film-Transistors

Device Overview

In its simplest form a TFT is comprised of a semiconductor thin film, dielectric
material and three metal electrodes (gate, source and drain). All of which are deposited
onto a host substrate using low temperature deposition processes. The semiconductor
thin-film is placed between the source and drain electrodes, and a dielectric is used to
isolate the gate electrode from the semiconductor thin-film. By varying the voltage
potential between the gate and source electrodes, the conductivity of the semiconductor
thin-film can be modulated. This modulation, known as the “field effect”, is due to the
injection of carriers at the semiconductor-dielectric interface caused by the capacitor
formed by the gate electrode, gate dielectric, and semiconductor [4].

Figure 1 illustrates the basic structure and working principles of a TFT. A voltage
applied to the gate electrode (V) modulates the conductivity of the semiconductor thin-
film, thereby producing a corresponding variation in current flow from drain to source

[23].

Current Flow

Substrate

Figure 1: A basic illustration of a TFT. The device operates by applying a voltage to the
gate electrode, which modulates the conductivity of the semiconductor thin-film, thereby
producing a corresponding variation in drain to source current. Modified from [24]



The electrical characteristics of a TFT are highly dependent on the material
composition and crystal structure of the active semiconductor channel layer. Unlike bulk
semiconductors which are single-crystal, the semiconductor thin-film used in TFTs is
typically amorphous or polycrystalline [25]. In single-crystal from, all the atoms within
the material are arranged in a strict repeating pattern, free of defects and grain
boundaries. In polycrystalline form, the material is comprised of a collection of small,
randomly oriented, single-crystals (or crystallites). Finally, in amorphous form, the
chemical bonds of the atoms within the semiconductor material all have random lengths
and orientations. Figure 2 illustrates a two-dimensional schematic representation of

single-crystal, polycrystalline and amorphous material [26].
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Figure 2: Two-dimensional schematic representation of single-crystal, poly-crystal and
amorphous material [26].

The presence of defects and grain-boundaries in amorphous and polycrystalline
semiconductor thin-films causes scattering of the carriers. As a result, the carrier mobility
of a TFT is typically orders of magnitude less when compared to single-crystal a
MOSFET [25]. This mobility decrease is true for silicon based devices. However, it has

been theorized that the carrier transport in ionically bonded metal-oxide, semiconductors



is relatively unaffected by bond length or disorder [27]. Therefore, metal-oxide thin-films
can exhibit mobilities that are on par with their single crystal counterparts, making them
ideal for use in high performance TFTs. The electron transport properties of ZnO thin-

films are discussed in detail in the Zinc-Oxide subsection.

Structure

Fully functioning TFTs can be produced in one of four basic structures which are
illustrated in Figure 3: (a) staggered bottom-gate, (b) co-planer bottom-gate, (c) staggered
top-gate, and (d) co-planar top-gate. Although slightly different in design, each structure
contains the basic parts of a TFT device. The staggered and co-planer terms refer to the
relative position of the source and drain electrodes with respect to the gate electrode. A
modified version of the staggered bottom-gate structure is also shown in (e) called a
substrate-gated structure. The substrate-gated structure uses a conductive material, such
as a heavily doped silicon wafer, to serve as both the substrate and gate electrode.
Although the substrate-gated structure does not allow for the integration of multiple
devices on single substrate, the structure is useful for material characterization and
process development. Additionally, the substrate-gated structure reduces fabrication
complexity, substantially reducing the data cycle time and enabling more consistent
results. Therefore, the substrate-gated structure was used extensively throughout this

research.
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Figure 3: Basic thin-film transistor structures: (a) staggered bottom-gate, (b) co-planar
bottom-gate, (c) staggered top-gate, (d) co-planar top-gate, and (e) modified staggered-
bottom gate structure employing a conductive substrate as the gate electrode.

Theory of Operation

TFTs are classified as n-type devices, where the conducting carriers are electrons,
or p-type devices, where the conducting carriers are holes, and operate in either
enhancement or depletion mode [2]. An n-type depletion mode device requires a negative
gate bias to turn the device OFF. Conversely, an n-type enhancement mode device
requires a positive gate voltage to induce current flow, thus turning the device ON. For
most switching applications, enhancement mode operation is preferable since no gate
voltage is required to turn the device off which minimizes power dissipation. Since ZnO
occurs naturally as n-type, this section will focus on n-type operation.

The ideal operation of a TFT can best be described by analyzing the energy band

diagram of the metal-oxide-semiconductor (MOS) capacitor made up by the gate
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electrode, gate dielectric and semiconductor material [2]. Figure 4 shows the energy band
diagrams of the MOS interface of a typical n-type enhancement mode TFT. Under ideal
conditions, when there is no applied voltage on the gate, the energy bands are in a flat-
band condition, shown in (a). When a negative voltage is applied to the gate electrode,
free electrons are repelled away from the semiconductor/dielectric interface, forming a
region of positive charge known as the depletion region (i.e. depleted of free electrons),
causing the energy bands of the semiconductor material to bend up, shown in (b).
Applying a positive voltage attracts free electrons towards the semiconductor/gate
dielectric interface, resulting in an accumulation of negative charge along the interface
causing the energy bands to bend down, shown in (c). When a sufficiently large positive
voltage is applied to the gate, enough free carriers have accumulated along the

semiconductor/dielectric interface, creating a channel for current to flow from drain to

source [2].
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Figure 4: Energy band diagrams for a typical n-type, enhancement-mode TFT. (a) Under
ideal conditions when Vg = 0 the system is in flat-band. (b) When, Vg < 0, a depletion of
carriers along the semiconductor/dielectric interface causes the energy bands to bend up
when. (¢) Accumulation of carriers creates a downward band bending when Vg > 0.

The electrical operation of a TFT is typically quantified in the form of drain

current (Ip) as a function of gate voltage-to-source (Vgs) and drain-to-source voltage
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(Vps), using the square-law model [28]. In this model, when Vgs is below the threshold
voltage (V,), the channel is completely depleted of free electrons, and no current is
allowed to flow from drain-to-source. Increasing Vgs attracts free electrons towards the
semiconductor/dielectric interface creating a channel for current flow. When Vgs >V,
enough electrons have accumulated to form a conductive channel, turning the device ON.
The ON state is further classified into the linear and saturation regions. In the linear
region of operation (i.e. Vps <Vgs-V)), the source-to-drain current increases linearly with
drain voltage and the device acts as a voltage controlled resistor. When the saturation
voltage is reached (i.e. Vpsat =Vgs -V,), the drain current saturates and is independent of
Vps and the device acts as a voltage controlled current source. Mathematically, the

square-law model is illustrated in Equation 2.1 [4].

0 Vg £V,
W V2
o = ‘uCox T|:(VGS -Vi )VDS _%} o Vps SVes =V, (2.1)
1 W 2
E:ucox T|:(VGS _Vt) J Vs >Ves =V,

Where w is the channel mobility, W /L is the ratio of the width to length of the channel,
and Co Is the gate oxide capacitance per unit area. Cox IS determined by both the
dielectric constant and the thickness of the gate dielectric material. Mathematically, Coy is

given by [4]:
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COX — 07r,ox (2'2)

Where & ox IS the relative permittivity (or dielectric constant) of the gate dielectric, g =

8.854 x 10" F/cm is the vacuum permittivity, and to is the gate dielectric thickness.
Equation 2.1 is accepted as the ideal TFT or metal-insulator-semiconductor field

effect transistor (MISFET) equation [28]. Figure 5 below illustrates a typical common

source Ips-Vps transfer characteristic for an ideal n-type enhancement mode TFT.

LinearRegion / Saturation Region

Vas

Drain Current (lds)

A4

Drain Voltage (Vds)

Figure 5: Illustration of the ideal drain-current versus drain-voltage (Ips-Vps) transfer
characteristics curve at increasing gate voltage (Vgs) steps for an n-type enhancement
mode TFT using the square law model.
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Figures of Merit

Electrical characterization of a TFT involves analyzing a set of measured data to
evaluate device performance. This process typically includes the extraction of the
following device parameters: threshold or turn-on voltage, on-to-off current ratio, sub-
threshold swing, transconductance, channel mobility and device on resistance.

The TFT parameter that is most often used to quantify device turn-on is Vi, and
can be extracted by fitting measured Ip-V data to the ideal TFT equation. However, as
detailed by Hoffman, conventional threshold voltage extraction of ZnO TFTs leads to
invalid results since the mobility of the channel is dependent on gate voltage [23, 29]. To
overcome this issue, TFT turn-on for ZnO TFTs is instead quantified using the device
turn-on voltage (Von). Von is defined as the value of Vgs when Ip first increases from its
minimum off value on a log(lp)-Vgs plot. Drain current on-to-off ratio (lon-orr) IS the
ratio of the maximum to minimum drain current while the device is operating in
saturation (i.e. with a large Vps).

The sub-threshold swing (Sss), defined as the gate voltage required to increase the
drain current by a factor of ten, is extracted from the TFT transfer characteristic using the

following equation [30]:

-1
S. :(d Iog(lm)] 03)
dVes
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The sub-threshold swing also provides important information about the quality of a TFT,

and can also be used to estimate the interface trap state density (N; near the

semiconductor/dielectric interface using the following equation [31]:

N, = {sss 1og(e) [%] —1} [%} (2.4)

Where, kg is Boltzmann’s constant, T is the temperature, q is the elementary charge of an
electron, e is Euler’s number equal to approximately 2.7182 and C,x is the gate

capacitance per unit area. The extraction of Von, lon-orr, and Ses for a typical ZnO TFT

fabricated for this thesis is shown in Figure 6.
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Figure 6: Extraction of Vg, lon.orr, and Sss for a typical ZnO TFT for a typical ZnO TFT
fabricated in this thesis.
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The transconductance (Gn) quantifies the drain current variation with a gate-

source voltage variation while keeping the drain-source voltage constant, or [28]:

A AI
G, = Avi (2.5)

G s VDS =const

In general, the transconductance is a measure of the amount of gain the device is able to

deliver. In the linear and saturation regions the transconductance is given by [28]:

W W
G, = lucox TVDS = IUCox T(VGS _Vt) (2.6)

linear saturation

Mobility is an important electrical property since it directly affects both the
current-drive capability and maximum frequency operation of the device. As a parameter,
mobility provides an assessment of how efficiently electrons move through the channel of
the device [23]. The evaluation of TFT mobility involves fitting measured current-voltage
data to a mathematical expression obtained through manipulation of the ideal TFT
equation. Field-effect mobility () is obtained when the device is operating in the linear

region (i.e. small Vps) and is defined by [28]:

L g
=— m 2.7
que W CoxVDS ( )
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Using Ohms law, the source-to-drain on resistance (R,,) of a device can be
derived from the slope of the transistors Ip-Vp output characteristics while operating in

the linear region (i.e. low Vpg) [32]:

A AVDS
on Al

DS lvgg =const

R

(2.8)

The high frequency performance of a TFT is typically characterized by the unity-

gain cutoff frequency f, = g,,/27(WLC,, +C/,.) . Assuming the parasitic capacitance

par
(C’par) is only due to the gate-drain and gate-source overlap regions, evaluating f;in the
linear region, yields [28]:
. MV \

~ L DS~ S 2.9
YT oxl2 T 2720 (2.9)

Where vs is the carrier saturation velocity under high electric fields.

The equations for Ip, Gn, Ron and f; highlight the importance of the active
semiconductor layer having a high effective-mobility («) and saturation-velocity (vs) for
maximizing performance. Additionally, the equations extracted from the square law

model show that Ip, Gy, Ron and f; scale with Lc.
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Research in High Performance TFTs

TFTs employing an amorphous-silicon (a-Si) active layer have been used for
decades for pixel selection circuits in active matrix displays. However, the low electron
mobility of these devices makes them unsuitable for high power or high RF applications.
Polycrystalline silicon (poly-Si) thin films can be used to increase device performance,
but typically require fabrication temperatures in excess of 600°C or expensive laser
crystallization methods [33].

Given the limitations of Si based TFTs, researchers have begun investigating the
use of alternative materials for the active layer in TFTs, most notably metal-oxide
semiconductors. TFTs employing amorphous metal-oxide semiconductor thin films have
demonstrated high field effect mobility (>15 cm?/Vs) while maintaining low temperature
fabrication processes [15, 21, 9, 34]. The improved electron mobility of metal-oxide
TFTs is attributed to the ionic bonding property of the semiconductor. As described by
Hosono [35], the ionic bonding property of metal-oxides results in electron carrier
transport that is largely unaffected by the bond angle or bond length of the atoms with the
material. It has therefore been theorized that the electronic properties of amorphous
metal-oxide semiconductor thin-films can be comparable to their single crystal
counterparts, making them suitable for fabricating high mobility TFTs [35].

Recently, Roubdari et al. demonstrated a 10-stage half-bit shift register using
amorphous indium-gallium-zinc-oxide (a-1IGZO) TFT technology that was successfully
driven at a maximum clock frequency of 40 kHz [36]. The shift registers were fabricated
utilizing bottom-gate a-1GZO TFT structures with channel lengths down to 10 pm.

Additionally, Geng et al. fabricated an 11-stage ring oscillator utilizing both single- and
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dual-gate a-1GZO TFTs with 2 um channels that exhibited oscillating frequencies of 334
and 781 kHz, respectively [37]. These efforts demonstrate the potential use of amorphous
metal-oxide TFTs in digital logic technology.

Still, amorphous-oxide-semiconductors have limitations in current density and
switching on/off ratios, and are therefore not sufficient for high performance RF digital or
analog circuits. Conversely, undoped ZnO thin films are considered to be polycrystalline
rather than amorphous, with extremely small crystals on the order of 20-50 nm [18].
Undoped nanocrystalline-ZnO thin-films have been shown to be suitable for the
fabrication TFTs capable of reaching small signal microwave performance by
Bayraktaroglu et al. [13, 12, 18]. Figure 7 shows a scanning electron microscope (SEM)

image of a ZnO TFT fabricated by Bayraktaroglu et al. along with the extracted small-

signal microwave characteristics.
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Figure 7: SEM image and small-signal microwave characteristics of a nanocrystalline
ZnO microwave TFT with L¢ = 1.2 um and Wg = 2x150 pum developed by Bayraktaroglu
etal. [13, 18].
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The nanocrystalline-ZnO TFTs developed Bayraktaroglu et al. were fabricated on
highly resistive Si substrates employing a staggered, two-finger, bottom gate structure. A
metal lift-off technique was used to pattern source drain ohmic contacts resulting in an
active channel length of 1.2 um. From the measured s-parameters, the maximum
available gain (fmax) and the unity-gain cutoff frequency (f)) were determined to be 10
GHz and 2.9 GHz, respectively. According to the authors’, this is believed to be the

highest frequency operation obtained with any oxide thin-film transistor technology.

Zinc Oxide

Zinc oxide (ZnO) is a I1-VI compound semiconductor that is utilized in a wide
array of electronic applications. The following sub-sections detail the electronic

properties, crystal structure, carrier transport and thin film deposition processes.

Electronic Properties

ZnO has a unique electronic property set, which includes a wide and direct
bandgap, large exciton binding energy, high thermal conductivity, and high electron
mobility and saturation velocity [38]. At room temperature the band-gap (Ey) of ZnO is
~3.3 eV. For comparison the room temperature band gap of common semiconductor
materials such as silicon (Si) and gallium-arsenide (GaAs) are 1.1 eV and 1.42 eV
respectively [2]. Advantages associated with a large band gap include higher breakdown
voltages, the ability to sustain large electric fields, as well as high-temperature and high-

power operation. The wide band-gap, in the ultra-violet range of the electromagnetic
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spectrum, has also led to the development of optically transparent ZnO based TFTs for
use in transparent electronics [20, 39, 16].

Table 1 compares key structural and electronic properties of single crystal ZnO,
gallium-nitride (GaN) and Si. GaN is a I11-V wide band gap semiconductor material with
a band-gap, lattice parameters and optical properties that are very close to that of ZnO.
Therefore, many potential electronic and optoelectronic applications of ZnO overlap with
GaN. In fact, although GaN is a more mature technology, ZnO is often considered to be

an alternative to GaN for several device applications due to its lower production cost

[40].
Table 1: Key Properties of single-crystal ZnO, GaN and Si
Parameter ZnO [41] GaN [42] Si [2]
Band gap (eV)* 3.37 (d) 3.39 (d) 1.124 (i)
Lattice Structure Wourtzite Waurtzite Diamond
a parameter (A) 3.250 3.189 5.43
¢ parameter (A) 5.205 5.185 -
c/a ratio (ideal = 1.633) 1.601 1.626 -
Density (g/cm®) 5.675 6.095 2.328
Melting Point (°C) 1975 2500 1412
Thermal conductivity (W/(cm'K)) 0.6 13 1.41
Electron mobility (cm?/vs) 200 900 1417
Saturation velocity (107 cm/s) 3.0 25 2.3
Breakdown voltage (10%/cm) 5.0 [42] 5.0 0.3

*d= direct, i=indirect

One particularly relevant property of ZnO for use in potential military applications
is its demonstrated radiation resistance [43]. It has been shown that high energy
bombardment by electrons, protons and heavy ions causes much less damage in ZnO
compared to other semiconductor materials such as Si, GaAs and even GaN.

Additionally, low level defects caused by the radiation have been removed by annealing

22



at relatively low temperatures. This property makes ZnO especially attractive for space,

and nuclear applications where radiation hardened electronics are necessary.

Crystal Structure

Under ambient conditions, ZnO crystallizes in the hexagonal wurtzite structure. The
wurtzite ZnO crystal lattice is made up of two interconnecting sub-lattices of Zn®** and
O, with a tetrahedral bonding structure, where each zinc atom is surrounded by four
oxygen atoms and vice versa [44]. The wurtzite ZnO crystal lattice is illustrated in Figure
8. The lattice constants are a = 3.25 A and ¢ = 5.2 A, with c/a ratio of 1.60 which is close
to the ideal value of c/a = 1.633 for a hexagonal cell and a mass density of d=5.675 g/cm®
[41]. Although tetrahedral bonding is typically associated with covalently bonded
semiconductors, such as in Si and GaAs, the bonding in ZnO is highly ionic due to the
large difference in the electronegative values of the two molecules (0.91 for Zn and 3.5
for O). The ionic bonding property of ZnO accounts for the preferential formation of the
wurtzite structure rather than the zincblende structure, and gives rise to vastly different

electron transport when compared to other covalently bonded semiconductors [41].
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Figure 8: Hexagonal wurtzite crystal structure of ZnO. The lattice constants are a = 3.25
Aand ¢ =5.2 A, with c/a ratio of 1.60 which is close to the ideal value of c/a = 1.633 for
a hexagonal cell [38]

Electron Transport

In ZnO, the conduction band minimum (E,) is primarily composed of vacant Zn**
s-orbital’s, which results in a conduction path for electron transport that is unaffected by
bond angle [27]. This implies that the electron transport of ZnO (and other metal-oxide
semiconductors) is unaffected when transitioned from its single-crystal to amorphous
phase. In contrast, the conduction band in covalently bonded semiconductors, such as Si
and GaAs, is based on hybrid sp*-orbitals which have strong sensitivity to bond angle and
length, resulting in a decrease in electron mobility in the amorphous compared to single-
crystal state. Figure 9 illustrates the orbital drawing an ionic and covalently bonded
semiconductor in both the single-crystal and amorphous phase [45]. The theorized high
mobility of metal-oxide semiconductors in their amorphous state is one of the main
reasons they are attracting significant attention for replacing a-Si TFTs. However,
undoped ZnO thin films are regarded to be polycrystalline rather than amorphous, with

extremely small crystals on the order of 20-50 nm [18].
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Figure 9: Schematic orbital drawing of the electron pathway in (a) ionic-bonded oxide
semiconductors and (b) covalently bonded semiconductors in both the single-crystalline
and amorphous phase [45].

Intrinsic Defects

Although undoped ZnO is theorized to be an intrinsic semiconductor, it occurs
naturally as n-type [46]. The native n-type doping plays a critical role in the operation of
ZnO TFTs, and has led the inability to create reliable p-type films [40]. The background
electron carrier concentration of undoped ZnO thin films is typically 10*°-10%" cm™, but
has been found to be as high as 10? cm™ [40]. The electron hall mobility of ZnO varies,
depending on the growth method, but is typically on the order of 200 cm?/Vs at room
temperature [40]. The cause of the native n-type doping is not directly understood and
still debated in literature. However, the theory most often cited is that samples are grown

under Zn-rich conditions, giving rise to zinc interstitials or oxygen vacancies [47].
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Doping characterization of ZnO thin-films is outside of the scope of this research.
Focus will concentrate on utilizing available ZnO thin-films deposited at AFRL for

device fabrication.

Thin-Film Growth

ZnO thin-films can be deposited by several methods including radio frequency (RF)
sputtering, atomic layer deposition (ALD), pulsed laser deposition (PLD), molecular
beam epitaxial (MBE) growth, and chemical vapor deposition (CVD) [48]. Recently,
solution processed films have attracted a significant amount of attention from research
groups due to the high throughput and low cost associated with this process, making it
suitable for large scale production [19, 49]. However, ZnO thin films deposited by RF
sputtering, PLD and MBE typically exhibit higher mobility than solution processed films.

Under most deposition conditions, ZnO thin-films grow in nanocrystalline form
with the c-axes (001) plane of the crystallites oriented perpendicular to the film plane
[50]. Due to the orientation of the ZnO thin-film, the electrical transport within the ZnO
thin-film, under most applications, is therefore perpendicular to the c-axes of the
crystallites. Grain boundaries within polycrystalline semiconductor films typically
negatively affect carrier transport due to scattering at the grain boundaries, resulting in a
decrease in overall carrier mobility [25]. However, recent studies published by Lorenz et
al. show that ZnO films deposited by a multistep PLD on c-plane sapphire exhibit
mobility values that are comparable to single-crystal ZnO [51]. Additionally, ZnO TFTs
employing ZnO thin-films deposited by PLD have shown mobility values which are

comparable with that of single crystal ZnO MODFETSs [12]. These studies point to higher
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structural quality and a lower grain barrier defect density in PLD grown ZnO thin films
compared to other deposition methods.

PLD uses high-power laser pulses to melt, evaporate and ionize a single crystal zinc
oxide target held under vacuum. This laser ablation process creates a plasma plume
consisting of zinc and oxygen ions. The reactive material within the plasma then collects
on the surface of a sample, which is placed near the plasma and heated to temperatures
between 100-500°C, and condenses to form a ZnO thin film [52]. PLD has been used to
grow ZnO thin films on several different substrates including sapphire, glass and
aluminum-oxide (Al,O3) at temperatures ranging from 200-450°C [53]. The ZnO TFTs
developed in this research utilize ZnO thin-films grown by the PLD method at AFRL.

Details of the deposition process are outlined in Chapter 111.

Contacts to ZnO

As described in the Thin-Film-Transistors subsection, source and drain contacts
for ZnO TFTs are formed by depositing a metal directly on the ZnO active channel layer.
The electrical characteristics of ZnO TFT relies heavily on the formation of ohmic source
and drain contact metallization schemes with low contact resistance. When a metal is
brought into intimate contact with a semiconductor, electron transfer between the

materials occurs until a thermal equilibrium is formed. The electrons transferred and their

direction is dependent upon the metal and semiconductor work function (¢, and ¢,

respectively) and the electron affinity ( y5.) of the semiconductor [2]. The ZnO thin-

films deposited by PLD utilized for device fabrication in this work are n-type, therefore

only metal contacts to n-type semiconductors will be discussed in this section.

27



Ohmic Contacts
The type of contact achieved when a metal is brought with intimate contact of a

semiconductor material is governed by the simple Schottky model:

a6 = (Pu — Xsc) (2.10)

Where ¢, is the Schottky barrier height, ¢,, is the work function of the metal, and y. is

the electron affinity of the semiconductor.

In order for a metal-semiconductor junction to form a low resistance Ohmic (non-
rectifying) contact, ¢, needs be near 0 eV [2]. Thus from Equation 2.10, ¢,. when
P > ¢, an ohmic contact is formed. Conversely, if ¢ <4, a rectifying contact is

formed. Figure 10 illustrates the band-diagrams of a metal-semiconductor junction prior
and after intimate contact. Figure 10.a illustrates the formation of a rectifying contact,

while Figure 10.b illustrates the formation of an Ohmic contact.
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Figure 10: Band diagrams of metal semiconductor junctions shown prior and after
intimate contact. a) A Schottky barrier is formed when @ < @), . b) A low resistive

Ohmic contact is formed when s > ¢, . Modified from [54]

Ohmic contacts have been demonstrated on n-type ZnO for a wide variety of
metals. A list of metal contact schemes for producing ohmic contacts to ZnO was
collected by Ip et. al., and is reproduced in Table 3 [55]. Additionally, evaporated
Titanium and sputtered tungsten contacts have been reported to achieve low resistant

ohmic contact to n-type ZnO by Lim et. al. [56].
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Table 2: Various Ohmic contact schemes for n-type ZnO

Metal Contact Contact resistance
Zn0 Type Scheme (Q-cm?)
n-ZnO (Al doped) Ti/Au 2.0x 10
Zn/Au 2.4x 10"
Al 8.0 x10™
Al/Pt 1.5x 10°
Re/Ti/Au 1.7x 107
n-ZnO (P doped) Ti/Al/PY/Au 3.9x 10"
n-ZnO (Ga doped) Pt/Ga 3.1x 10"

Rectifying Contacts

Many different metals, such as Au, Ag, and Pd have been used to form relatively
high Schottky barriers of 0.6-0.8eV with n-type ZnO [55]. Contacts that display
rectifying or blocking behavior are undesirable for patterning ZnO TFT source and drain
contacts as they prevent currents from flowing in one direction. A list of metal contact
schemes for producing rectifying contacts was collected by Ip et. al., and is reproduced in

Table 3 [55]. These metals must be avoided for fabricating n-type ZnO TFTs.

Table 3: Schottky contacts to n-type ZnO and their respective barrier heights, reproduced from Ip et.al. [55]

ZnO Type Metal ¢s (V)
n-ZnO on Si E-beam Au (Schottky) 0.59

n-ZnO on Al,O3 E-Beam Ag (Schottky) 0.69-0.83
E-Beam Au (Schottky) 0.84

E-Beam Pd (Schottky) 0.59-0.68

n-ZnO on GaN/Al,O3 E-beam Au (Schottky) 0.37-0.66
n-ZnO bulk E-beam Au (Schottky) 0.84
E-Beam-Pt (Schottky) 0.79
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Transfer Length Method

There are several methods used for measuring the associated contact resistance of
a metal-semiconductor junction, including a four-probe Kelvin connection and a transfer
length measurement (TLM). However, due to ZnQO’s large band-gap and associated high
intrinsic resistance of the material, a gated- TLM method is required.

In a gated-TLM method, the total resistance of a MOS device is modeled by three
resistors in series: the source resistance, the channel resistance, and the drain resistance
[57]. The source resistance (Rsource) @and drain resistance (Rprain) are shown in Figure 11,
with the channel resistance (Rcy) contained in the TFT symbol and not explicitly shown.
Rsource @Nd Rprain are independent of Vgs and L¢, whereas Rcy is controlled by the voltage

across the gate and is directly proportional to the L¢ the device.
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Figure 11: A TFT with source and drain resistances, the channel resistance is contained
within the TFT symbol (modified from [57]).

As shown by shown by Schroder [57], the gated-TLM method involves measuring
the Ron (sometimes called the measured or total resistance) of devices with various

channel lengths operating in the linear region. The R, of a device is then given by [57]:
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(2.11)
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Where Rcy is the channel resistance in Ohms (Q), and Rs and Rp are the parasitic

L
source and resistances, respectively. Replacing Ry, = RSW—C and Ry =R e + Rpuin
C
Equation 3.1 becomes [57]:
LC
Ry =R+ Reo (2.12)

Where Rs is the sheet resistance of the ZnO channel in Q/0, Rsp is the total
parasitic source and drain resistance on both sides of the device, and Lc and W are the
channel length to width, respectively. Therefore, by plotting Ry, at various gate voltages
versus L¢; the total parasitic source and drain series resistance (Rsp) can be extracted
from the Lc = 0 point on the line of best fit between the points. Additionally, Rs can be

extracted from the slope of (o, /W, = AR, /AL, ) of the line of best fit on the same Ron

versus Lc plot.
A secondary benefit of the gated-TLM process is that the intrinsic field effect
mobility (us;) and threshold voltage (Vy) can be extracted. From the ideal TFT equation

R can be expressed as a function of mobility and gate voltage by [58]:

R, = L
:ufe,icox (VG _Vt,i)

(2.13)
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Where use i is the intrinsic mobility, Coy is the gate capacitance per unit area and vy
is the intrinsic threshold voltage. Thereby, plotting the inverse of R versus gate voltage,
the intrinsic threshold voltage (V) and field effect mobility can be extracted from the x-
intercept and slope, respectively. The intrinsic TFT parameters (Vi and usz i) represent the
electrical characteristics of the conduction channel without the influence of parasitic
source and drain series resistances [58]. Thus, by extracting us i the electron transport

characteristics of the ZnO thin-film can be directly measured.

Fabrication Processes and Definitions

The ZnO TFTs fabricated in this thesis were completed using standard surface
micromachining fabrication processes. Surface micromachining includes the deposition
of thin-films of various materials (including metals, dielectrics and semiconductors) and
utilizing lithography, lift-off and etching techniques to define geometric shapes within
and on those films. The following sections provide a brief overview of the

microelectronic fabrication processes used throughout this work.

Film Deposition

The fabrication of ZnO TFTs involves many steps in which thin-films of various
materials are deposited on the substrate surface. Deposition of material thin-films,
including metals, semiconductors and dielectrics can be accomplished using various
methods. Some examples include DC and RF sputtering, chemical vapor deposition
(CVD) and electron-beam evaporation. Evaporation and sputtering require vacuum

systems operating at low pressure, whereas CVD can be performed under vacuum or
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atmospheric pressure. Deposition of ZnO thin films was discussed previously; therefore
this section will discuss deposition of ohmic materials. Ohmic metal deposition in this

thesis was accomplished using sputtering and evaporation.

Sputtering

Sputtering is achieved by bombarding a target with energetic ions, such as Ar’
[59]. The atoms on the surface of the target are knocked loose through a ballistic
exchange of momentum with the energetic ions, and are then transported to the substrate
where deposition occurs. Due to the low substrate temperatures used, sputtering is an
ideal method to deposit contact metals for TFTs. However, because sputtering is a
physical process, it can also be used for depositing a wide variety of other materials,
including dielectrics and semiconductor materials. For electrically conductive materials
such as Aluminum, tungsten and titanium, a simple DC power source is used, in which
the target acts as the cathode in a diode system [60]. For dielectric materials, an RF
plasma must be used. The sputtering process typically results in a conformal film with

good step coverage even on vertical sidewalls.

Electron Beam Evaporation

In electron-beam evaporation systems, a high-intensity beam of electrons is
focused on a source target containing the material to be evaporated [59]. The energy from
the electron beam is used to melt a small portion of the surface of the target. The melted
material then evaporates off of the source target and covers the sample with a thin layer.

The deposition rate is controlled by changing the current and energy of the electron beam
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[60]. Unlike sputtered films, evaporation results in a non-conformal film over the surface
of the substrate which becomes discontinuous on vertical walls. Although this non-
conformal coverage causes issues in some topologies, it can be used as an advantage

when performing an additive lift-off process for patterning films.

Lithography

Lithography is used to define regions where etching or film deposition will take
place, and is at the heart of microelectronic and transistor fabrication processes. There are
several variations of lithography, two of which are used for device fabrication in this
thesis: optical and electron-beam lithography. Optical (or photo) lithography uses light to
transfer a geometric pattern from a photomask to a light-sensitive polymer, called a
photoresist, which is coated on the sample surface. Electron-beam lithography is a direct
write process which uses a focused beam of electrons to draw custom patterns on the

surface of a substrate coated with an electron-beam sensitive polymer.

Optical Lithography

Figure 12 illustrates a schematic of a simplified contact optical lithography
system [61]. The system uses an optical source to shine light through a photomask. The
photomask image is then projected onto the surface of a sample which is coated with a
light-sensitive polymer, called a photoresist. The chemical structure of the photoresist is
modified when exposed to the incident light. For positive tone resists, the polymer bonds
of the material decompose when exposed to light. Conversely, in a negative tone resist,

the chemical bonds are strengthened (polymerized) when exposed to light. After
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exposure, the weakly bonded areas of resist are dissolved using a solvent solution, called

a developer, reproducing the mask pattern in the resist [60].

Light Source |
(Arc Lamp) > < |

Lens —

Mask —=

i - . W W O
Substrate —

Figure 12: Cross sectional diagram showing a simple contact exposure lithography

system [61]

Standard contact optical lithography can pattern features with resolutions no
smaller than the wavelength (1) of the light source used for exposure [60]. The Karl Suss
MAG6 Mask Aligner located in the AFRL clean room utilizes an ultra violet (UV) source
with 1= 365 nm, thus mask feature sizes are limited to approximately 0.5 um. To
overcome this limitation, other optical lithography sources with shorter wavelengths or
projection and immersion printers which use diffraction can be used to reduce the

minimum feature size. However, these systems are not utilized in this work.
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Electron-Beam Lithography

Due to the limits of the optical lithography, electron beam (e-beam) lithography
will be used to scale critical dimensions of ZnO TFTs in this thesis. E-beam lithography
uses a focused beam of electrons to deliver energy to the resist. As with optical
lithography, the energy changes the solubility of the resist enabling selective removal of
the exposed regions through developing. However, unlike standard optical lithography
this is a “direct write” process, meaning there is no need for a photomask. Additionally,

due to the higher energy of the electron beam, e-beam lithography can be used to produce

line-widths below 50 nm [62].
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Figure 13: Simplified cross-sectional schematic of an electron-beam lithography
exposure system [63]
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Figure 13 illustrates a basic schematic for an e-beam lithography scanning system
[63]. In this system, high energy electrons are produced at the source (or cathode)
through thermionic or field emission. Next, the generated electrons are formed into a
narrow beam using a series of electrostatic apertures and lenses. The focused electron
beam strikes the surface of a sample coated with an electron sensitive resist. The electron
energy is then transferred to the resist, decomposing the polymer bonds, making the
exposed regions of the resist more soluble. The weakly bonded areas of resist are then
dissolved using a solvent solution called a developer, reproducing the mask pattern in the
resist. Examples of common e-beam resists include polymethyl-methacrylate (PMMA)

and ZEP-520a [64, 65].

Pattern Transfer

After a pattern is formed in a resist, the next step involves transferring that pattern
to the substrate. This is typically accomplished though an additive lift-off process or a
subtractive etch process. The etch-back process can be accomplished using either an
immersion wet-etch or plasma-etch method. In both the lift-off and subtractive etch
processes, the objective is to reproduce a patterned ohmic thin-film on a substrate.
However, due to its ability to produce sum-micron line widths, the subtractive process
utilizing a plasma-etch method dominates production pattern transfer [66]. Figure 14
compares the processing steps for patterning ohmic contacts to ZnO using a subtractive
back-etch process to an additive lift-off process.

In the subtractive process, an ohmic metal film is first deposited as a uniform

layer over the entire ZnO surface. Next, to pattern the ohmic contacts, an etch mask is
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formed on top of the ohmic film using lithography. The etch mask is utilized as a stencil
that protects the underlying ohmic material from attack during the etch process. Etching
of the unprotected areas can either be accomplished utilizing a wet-etch or gaseous
plasma-etch process. After etching is complete, the remaining mask is stripped off,
leaving behind the desired pattern. In the additive process, the pattern is formed at the
same time the metal film is deposited. First, a resist pattern mask is formed on the ZnO
surface using lithography. The desired ohmic film is then deposited over the mask and
onto the uncovered ZnO areas. After deposition, the remaining resist is removed, “lifting-

off” the unwanted metal from the masked areas, leaving behind the desired metal pattern.
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Figure 14: Cross sectional schematic detailing the processing steps for an additive lift-off
process versus a subtractive back-etch process for patterning ohmic films on ZnO.
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ADDITIVE: Lift-Off

In a typical bi-layer lift off process, a photoresist stack is first coated on the
surface of the sample through spin coating. The resist stack is then selectively exposed
and developed; thereby defining areas where metal is to be deposited. A metal film layer
is then deposited over the entire surface of the wafer. Any material deposited on top of
the photoresist layer is then subsequently removed along with the remaining resist using a
solvent stripper, leaving the patterned material on the substrate surface. However, for the
lift-off process to work properly there must be a small gap between the upper and lower
films, otherwise tearing and incomplete liftoff will occur [59]. This is accomplished by
forming an undercut in the bottom resist layer. Also, given the need for a gap between the
metal areas, conformal metal deposition methods, such as sputtering, is not well-suited to
a bi-layer lift-off process [60]. Figure 15 illustrates cross sectional SEM images detailing

a typical lift-off process [67].
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[Fég]ure 15: Series of drawings and SEM images detailing a typical bi-layer lift-off process

The lift-off process is a simple damage free method for patterning metal
structures and is often utilized in cases where etching of metal material would have
undesirable effects on the underlying layer [60]. However, during processing the lifted
off metal may redeposit on the surface of the wafer, reducing the overall yield. Most
importantly, for device scaling, due to the need for an undercut in the resist stack, lift-off
processing is typically limited to geometries of approximately 0.5-um, and is therefore
not a suitable process for defining the active channel for high RF ZnO TFTs requiring

channel lengths below 200 nm.
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SUBTRACTIVE: Wet Etching

Wet etching is a purely chemical process in which the sample is immersed in a
reactive solution in order to remove unwanted material from the substrate surface [60]. In
this process the patterned resist is used as an etch mask, blocking the unexposed regions
of the sample from being chemically attacked and etched away. Two important figures of
merit for etching are: selectivity and isotropy. Selectivity is the measure of the material
etch rate versus the masking material. Isotropy is a measure of the etch uniformity in both
the lateral and vertical directions. Typically, etches that are both highly selective and
anisotropic (e.g. highly directional) are preferable for accurate pattern transfer.

Although wet etching can be a highly selective process and typically does not
damage the substrate, it suffers from serious drawbacks; most notably a lack of
anisotropy and poor process control. Anisotropy (A) is a measure of the vertical etch rate

versus the lateral etch rate of a material, and is given by [60]:

A-1-R (2.14)

R,
where R|_and Ry are the lateral and vertical etch rates respectively. A process is perfectly
anisotropic if the lateral etch rate is zero (i.e. A=1). Conversely, A=0 means that the
lateral and vertical etch rates are identical.
Most wet etch processes have a very low anisotropy (A=(0), which results in
significant undercutting of the etch mask and an increase in feature size [60]. Figure 16
depicts a typical isotropic etch profile compared to an anisotropic etch profile. As

depicted, the isotropic etch undercuts the etch mask, resulting in an increase in feature

42



size when compared to the mask. Conversely, an anisotropic etch creates a near vertical
etch profile, retaining the exact dimensions of the masking layer.
Photoresist

(Etch Mask)

Undercut

r T/ \r T

Isotropic Etch Anisotropic Etch

Figure 16: Cross sectional illustration of an isotropic etch profile showing undercutting of
the etch mask versus an anisotropic etch profile.

Although wet etching is material and process specific, it typically has very low
anisotropy and results in undercutting of the mask. Thus, wet etching is typically limited
to feature sizes no smaller than 2 um. Wet etching is further complicated when
attempting to define source and drain ohmic contacts for nanocrystalline ZnO TFTs due
to the inherent high etch rate of ZnO in common wet-etchant solutions. For these reasons,
wet etching will was not perused for fabricating ohmic source and drain contacts for high

performance ZnO TFTs in this thesis.

SUBTRACTIVE: Plasma Etching

Due to the large amount of undercutting associated with wet etching, modern
fabrication processes requiring small geometries (below 1 pm) avoid wet chemical
etching and instead use a plasma etch process. Etching in a plasma environment has

several advantages compared to wet chemical etching. These advantages include less
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chemical waste, improved process control and the possibility of high anisotropies [60].
These factors make plasma etching a more repeatable process than wet chemical etching
and are critical for defining sub-micron features sizes.

Reactive ion etching (RIE) is one of the most widely used plasma etching
technologies due to its capability of producing highly anisitropic etch profiles [68]. RIE
uses a chemically reactive plasma to both physically and chemically remove material
from the surface of a sample. A simplified RIE plasma system is shown in Figure 17 [69].
In this system, etch gases flow into a chamber at vacuum pressure until a stable chamber
pressure is reached. Next, application of RF power ionizes the gas molecules creating a
plasma. A plasma is a mixture of excited neutral species, ions and electrons created in a
high-frequency electric field [66]. The ignition of the plasma results in a difference in
charge between the plasma and the electrodes which contain the plasma. The difference
in charge corresponds to a formation of an electric field between the electrodes and the
plasma. Thus, the ions within the plasma are accelerated through the electric field
towards the masked sample. Once on the sample surface, the ions chemically react with
the exposed film and physically attack the sample through the transfer of kinetic energy
[66]. By proper choice of the reactant gases, electric field power, and chamber pressure,
the etching reaction can be made anisotropic so that nearly vertical sidewalls are formed

at the edges of the mask.
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Figure 17: A simplified schematic of a common plasma RIE system [69]

One major issue with RIE plasma process is that the sample is exposed to
energetic radiation bombardment. This radiation consists of ions, electrons, ultraviolet
photons and soft-xrays, with energies ranging from tens to hundreds of volts [66]. When
the high energy radiation from the plasma strikes the sample surface, it can induce
damage, atlering the electrical charactersticsm of the material and degrading device
performance. In general, the signficance of these effects increases with particle energy
[66]. Therefore, the electric field power and chamber pressure need to be optimized in
order to reduce radiation effects, while also maintaining an anisitropic etch profile.
However, it has been shown that high energy bombardment by electrons, protons and
heavy ions causes much less damage in ZnO compared to other covalently bonded

semiconductor materials [43].
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Due to its ability to create anisotropic etch profiles, RIE plasma etching will be
utilized in this thesis for patterning source/drain ohmic contacts and defining the active
channel of ZnO TFTs. For the RIE process to be effective, the etch gas chosen needs to
chemically react with the ohmic material to be removed without damaging the underlying
ZnO layer. Additionally, etch mask materials must be chosen that can withstand the high

energy ions and photons associated with the plasma-etch process.

Summary

This chapter presented background literature and previous research critical to the
understanding of ZnO TFT design fabrication and characterization. The structure and
operating principles of TFTs were first introduced and important figures of merit were
discussed. Relevant literature in ZnO TFT development was also explored, with an
emphasis on device scaling for high RF performance. Finally, various microfabrication
techniques were discussed, including photolithography and pattern transfer techniques.
Particular attention was given to plasma and RIE etching processes which is required for
scaling device critical dimensions. As a whole, the ideas and knowledge presented in this

chapter form a basis for the decisions made in the ensuing methodology chapter.
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I11. Methodology

Chapter Overview

This chapter presents and discusses the materials, equipment, device fabrication
and testing methodology utilized to evaluate the subtractive plasma-etch process for

developing nanocrystalline-ZnO TFTs.

Materials and Equipment

The TFTs for this research were fabricated and tested in a class 100 cleanroom
located at the Air Force Research Lab (AFRL), Sensors Directorate, Wright Patterson Air
Force Base, Ohio. The following paragraphs provide an overview of the materials and

equipment utilized for device fabrication and testing.

Lithography Mask Set

The Air Force Research Laboratory (AFRL), Sensor Directorate, has developed a
photolithographic mask-set capable of fabricating fully-functional ZnO TFTs for DC and
RF characterization. A reduced version of this mask-set was utilized for device
fabrication in this thesis. The mask-set was designed to be used with the Karl Suss MA6
Mask aligner and allows for rapid device fabrication for process and device investigation.
Contact resistance, mobility, transconductance and other important device information
can be obtained from devices fabricated using AFRL’s existing maskset. The fabricated
devices employ an inverted staggered, two gate finger structure, with various channel

lengths (L¢) ranging from 10-um down to 1-pm. The channel width (Wc) of the fingers is
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150-pm with Lc fixed for each finger. Figure 18 illustrates a typical two-gate finger ZnO

TFT fabricated in this thesis.

Figure 18: Optical image of a ZnO TFT fabricated in this thesis using AFRL’s existing
photo-mask set. The sources, drain and non-functional gate pad are labeled, along with
the active ZnO channel, channel width (Wc) and channel length (Lc).

Zinc-Oxide Thin Films

The ZnO films thin-films used throughout this thesis were deposited by pulsed
laser deposition (PLD) at AFRL. Several previous studies were conducted on the PLD
films at AFRL which show that the ZnO films are composed of spontaneously ordered
and closely packed 30-50nm diameter grains which are predominately c-axis (002)
orientated [18, 17].

The PLD system used was a Neocera Pioneer 180, with a KrF excimer laser (A=

248 nm operating at 30 Hz with a 10 ns pulse duration and an energy density of 2.6-

48



Jlcm?. The base chamber pressure of the system was set to 1 x 107 Torr with a 10 mTorr
O, partial pressure throughout the deposition process. The target was a sintered ZnO
ceramic disk (99.999%) measuring 50-mm in diameter and 6-mm thick. The 3” Si
substrate with 20 nmAI203 isolation layer was rotated at 20°/sec while the ZnO target
was rotated at 40°/sec, raster velocity of +/-2° at 5°/sec. The distance from target to the
substrate was 9.5 cm and shifted by approximately 5 cm off the rotation axis. Laser raster
velocity with an inverse velocity profile was accomplished through laser focusing optics
mounted to and controlled by a programmable traveling optical train mechanism. This
inverse velocity profile results in a constant laser footprint size on the target throughout
its scanning speed range. These parameters combined yielded a film with 8% variation in
thickness on the substrate.

After deposition, the ZnO thin-films were annealed in atmosphere at 400°C for
one hour. The bake temperature and time resulted from a design of experiments in an
attempt to identify the optimal grain size resulting in the highest current density of ZnO

semiconductor for best device performance [18].

Source and Drain Contact Materials

Tungsten and titanium-tungsten (10:90 alloy) films were chosen as ohmic contact
materials to be selectively etched against ZnO for patterning source and drain contacts in
this thesis. Both tungsten and titanium-tungsten are used extensively in microelectronic
applications for interconnects and electrical contacts. Additionally, a previous study
demonstrated that both tungsten and titanium-tungsten films can be etched in a

fluorinated plasma with high selectivity (>35:1) to ZnO [22]. The tungsten and titanium-
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tungsten ohmic films were prepared using a sputter-deposition method in a Denton
Discovery 18 Sputtering System. The power was 250W. The inert gas used was Ar at a
flow rate of 75.8 sccm, resulting in a chamber pressure of 4.0-mTorr. The metal was
sputtered for 270 seconds to achieve a thin-film 1000-A nominal thickness, resulting in a

deposition rate of 3.70 A/sec.

Aluminum-Oxide

Aluminum-Oxide (Al,O3) was utilized as the gate-dielectric material for
fabricating Zno TFTs in this thesis. Al,Os3 is considered a high-k material with an ideal
dielectric constant of 9.34, compared to 3.9 for SiO,. The higher dielectric constant of
Al,O3 enables a larger Cyx value to be achieved using the same gate dielectric thickness
that would be possible using SiO;, [70]. More importantly, unlike SiO, which etches
readily in fluorine based plasmas, Al,O3 will not be attacked during the RIE process.

The Al,O5 films used for device fabrication in this thesis were deposited using an
atomic layer deposition (ALD) technique. ALD is a vapor-phase deposition process that
is based on the controlled reactions between the vapor-phase precursor molecules and the
substrate surface [71]. Al,O3; films grown by the ALD method are typically highly
amorphous and highly insulating. Additionally, the ALD process can be accomplished
on a variety of substrates, including oxides, metals, and semiconductors. For device
fabrication in this work, the Al,O3 films utilized were deposited by ALD on heavily

doped 3” n-type Si (1-10 Q-cm) at 177°C, resulting in a 20 nm thick Al,O3 film.
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RIE Plasma System

Etching of tungsten and titanium-tungsten was accomplished using a Unaxis 790
series RIE Plasma Processing System. The 790 series RIE tool at AFRL has several
available etch gases including sulfur-hexaflouride (SF¢), carbon-tetraflouride (CF,),
oxygen (O) and argon (Ar). A mass-flow controller (MFC) maintains the flow rate of
each gas. The pressure is controlled separately by a butterfly valve between the chamber
and the pump. The maximum available RF power is 300 Watts.

The 790 series tool allows for various etch recipes, which include chamber
pressure, gas flow, and power. The RIE recipes used for device fabrication throughout
this thesis were SFg and CF, mixed with O, or more simply CF4/O,. For experimental
simplicity, the flow rates of SFs or CF4 were fixed to 40 sccm, and the O, percentage in
CF,4 gas was 7.5% for all RIE chemistries. The chamber pressure was fixed to 40 mTorr.
Varying RF power settings ranging from 50-200W were utilized for device fabrication,
resulting in a total of eight different etch recipes used throughout this thesis. Table 4
details the RIE recipes used throughout this research. The displayed DC bias was
recorded from the 790 series RIE Plasma tool 15 seconds after the plasma was ignited. In
general the displayed DC bias gives a rough estimate of the magnitude of the induced
electric field between the plasma sheath and the electrode where the sample is placed,
thus providing insight into the magnitude of the ion bombardment energy of the etch.
However, while the DC bias is a useful control variable for monitoring or characterizing
the process, it is as much a function of the reactor geometry and matching network

parameters as it is of the ion bombardment energy [66].
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Table 4: Various RIE etch recipes used for device fabrication.

Gas Flow Chamber RF

* .
Etch Gas Rate Pressure Power R/%I?S >
(sccm) (mTorr) (Watts)

CF4/0, 40/2 40 200 465
CF4/0, 40/2 40 150 223
CF4/0, 40/2 40 100 184
CF4/0, 40/2 40 50 111
SFe 40 40 200 205
SFe 40 40 150 130
SFe 40 40 100 85
SFe 40 40 50 40

Material Etch Rate Study

Prior to device fabrication an etch study was conducted to calculate the etch rate
of tungsten and titanium-tungsten in each recipe outlined in Table 4. The etch study was
conducted by depositing 5000 A of each ohmic material (e.g. W and TiW) on SiO,
covered 4” n-type Si wafers. A patterned layer of NANO™ PMGI SF11 resist patterned
using optical lithography was used as an etch mask. After patterning, the sample was
scored in 4x4 cm? samples etched using the 790 series plasma tool using a CF./O, or SFg
plasma at RF powers ranging from 50-200W. Any remaining resist was then removed
using MICRPOSIT™ 1165 stripper heated to 70°C for 2 min, and the sample was rinsed
in de-ionized (DI) water and dried with N,. Etch rates were calculated by measuring the
step height at the etch boundary using a stylus profilometer divided by the etch time. The
profilometer measurements were taken using a KLA Tencor P-16 profilometer.

Figure 19 and Figure 20 detail the calculated etch rates of tungsten and titanium-

tungsten in both the CF,/O, and SF¢ etch chemistries versus RF plasma power.
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Figure 19: Calculated etch rates of tungsten and titanium-tungsten using various CF,/O,
etch recipes in the Unaxis 790 series RIE Plasma Processing System
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Figure 20: Calculated etch rates of tungsten and titanium-tungsten using various SFg etch

recipes in the Unaxis 790 series RIE Plasma Processing System
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Device Fabrication

Substrate gated ZnO TFTs utilizing a subtractive plasma-etch process for DC
analysis were fabricated on 3” n-type Si wafers. The devices employed a two-gate finger
structure, with channels defined by etching ohmic material against ZnO using the RIE
recipes detailed in Table 4. Both optical and e-beam lithographical defined devices were

fabricated.

Optical Lithographical Defined Devices

ZnO TFTs utilizing a subtractive plasma-etch process were initially fabricated
using an optical lithographical defined metal etch mask, resulting in devices with channel
lengths ranging from 10 pum to 1 um. The metal etch mask consisted of a Ti/Pt/Au/Ni

(200/300/2500/200 A) metal film patterned by standard bi-layer lift-off method.

Fabrication Overview

The optically defined devices were prepared by depositing 20 nm of Al,O3; on 3”
n-type Si (1-10 Q-cm) wafers which served as the gate dielectric and gate electrode,
respectively. Next, the semiconductor active layer, consisting of a 50 nm ZnO thin film
was deposited by PLD. The entire sample was then annealed at 400°C for one hour in
atmosphere. After anneal, 1000 A of ohmic metal (either tungsten or titanium-tungsten)
was deposited over the entire sample using a sputter deposition method. Next, a
Ti/Pt/Au/Ni (200/300/2500/200 A) metal stack was evaporated over the entire sample

and defined using a standard bi-layer lift-off method. The metal stack was utilized for
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both source and drain ohmic pads as well as an etch mask in the RIE process to define the
channel.

Device isolation was accomplished by using a NANO™ PMGI SF11 resist
patterned by DUV lithography while utilizing MICRPOSIT S1805 as the imaging resist.
After developing the PMGI and stripping the S1805 in acetone, the ohmic material in the
field was etched in the Unaxis 790 series RIE Plasma tool using a SFe-RIE at 15W. The
field ZnO was then etched away using a 1000:1 ratio of DI:HCI for 25 seconds. The
remaining resist was stripped in micropsit 1165 PR stripper, rinsed in DI water, dried
with N, and ashed in O, for 2 min. Each sample was then scored in 4 cm? pieces and the
device channels were opened using the metal pattern as an etch mask using one of the
RIE chemistries detailed in Table 4. A 50% over-etch time was utilized for each RIE

chemistry. Figure 22 illustrates the typical device fabrication process.
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Figure 21: Cross sectional illustration of the process flow for fabricating optical
lithographically-defined ZnO TFTs using a subtractive plasma-etch for defining

source/drain contacts in this thesis.
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Electron-Beam Lithographical Defined Devices
Based on the results from the optically defined devices; electron-beam defined

devices were fabricated and tested.

Fabrication Overview

ZnO TFTs with electron beam lithographically defined channels were prepared by
depositing 20 nm of Al,O3 on 3” n-type Si (1-10 Q-cm) wafers, to serve as the gate-
dielectric and gate electrode, respectively. Next, the semiconductor active layer,
consisting of a 50 nm ZnO thin film was deposited by PLD. The entire sample was then
annealed at 400°C for 1-hour in atmosphere. After anneal, 1000 A of tungsten was
deposited over the entire sample using a sputter deposition method. Next, a Ti/Pt/Au/Ni
(200/300/2500/200 A) metal stack was evaporated over the entire sample and defined
using the standard bi-layer lift-off method.

Device isolation was accomplished by patterning NANO™ PMGI SF11 resist
using the MESA mask from the quick-lot process and MICROPOSIT™ S1805 as the
imaging resist. After developing the PMGI and stripping the S1805in acetone, the ohmic
material in the field was etched in the Unaxis 790 series RIE Plasma tool using the
SFe:150W chemistry. The field ZnO was then etched away using a 1000:1 ratio of
DI:HCI for 25 seconds . The remaining resist was stripped in 1165 resist stripper, and the
sample was ashed and cleaned.

The sample was then scored and spin coated with an electron beam sensitive
resist. Two different resists were used in the study ZEP520A and 495PMMA-A6. The

sample was then exposed using a JEOL JBX-9500FS electron-beam lithography system
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and developed. The device channels were then opened using a SFs-RIE etch recipe at
200W for a time 50% over-etch, utilizing the patterned e-beam polymer resist as an etch
mask. After channel opening, the remaining resist was stripped in MICROPOSIT™ 1165
resist stripper, ashed, and cleaned before undergoing SEM analysis and device testing.
Figure 22 illustrates the fabrication process for developing substrate-gated electron-beam

lithographically defined ZnO TFTs in this thesis.
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b) Lift-Off Metal: | | [ Resist
OHMIC Mask

c) Isolation:
MESAMask R ey —
RIE + HCL | I
d) E-Beam Write —— \. ./ —
Channel Definition
RIE

\l/ ZnO

Source Drain ALOs
e) Strip Resist ;—h

Gate

Figure 22: Cross sectional illustration of the process flow for fabricating electron-beam
lithographically-defined ZnO TFTs using a subtractive plasma-etch for defining
source/drain contacts in this thesis.
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SEM Analysis

The devices fabricated in this researched were examined under scanning electron
microscopy (SEM) using a Hitachi SU-70 and FEI Strata DB235 for imaging and cross
sectional milling, respectively. Prior to cross sectional milling, a platinum film was
deposited over the area of interest in order to reduce the curtaining effect. SEM imaging
provides detailed channel length information as well as qualitative information regarding
the quality of the ZnO film in the active channel layer. Figure 23 shows a schematic cross

section of a device with the area of interest that is investigated during SEM analysis.

Device Channel
(Area of Interest)

Etch Mask . \'_'_'_'_'_'_“’- Etch Mask
Source Drain

ZnO
Al203

Si Substrate (Gate)

Figure 23: Representative drawing of an SEM cross section showing area interest

Device Testing

Completed ZnO TFTs were tested for their electrical capabilities using a fully-
automated cascade probe system and a HP442 parameter analyzer to gather DC
measurement data. The cascade probe system has a chuck-biasing capability through a
triax connection at the back of the probe station, which was utilized for biasing the gate.
A schematic drawing of a ZnO TFT biased in a common-source connection is shown in

Figure 24, with gate voltage (Vg), drain voltage (Vp), gate current (Ig) and drain current
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(Ip) labeled. The common-source setup was utilized for all DC measurements. From the
measured data, important figures of merit were extracted, including current density (Ip),

transconductance (Gp,), field effect mobility (ur) and on-resistance (Rop).
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Figure 24: TFT in a common-source connection.

Ip and G, were captured by sweeping Vs from 0 to 10V in 0.2V steps while maintaining
a constant Vp (= 0.2V and 10V) and measuring the resultant Ip. The field effect mobility
(ure) was extracted from the data using Equation 2.7 and assuming an ideal dielectric
constant of Al,O3 of 9.34. The DC 1I-V family-of-curves were captured by sweeping Vp
from 0 to 10V in 0.2V increments at a fixed Vg and measuring the resultant drain current

(Ip). The device Ron (=AV,/Al,) and output conductance (G =Al,/AV,) were

extracted from the Ip-Vp data with device operating in the linear region and saturation

region, respectively. Ip Gn Ron and Gp were all normalized by channel width.
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Summary

This chapter detailed the tools and equipment, fabrication processing steps and
device characterization testing methodology used for ZnO TFTs in this research. The
following chapter will present the data and observations found during device fabrication

and testing.
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IV. Results and Analysis

Chapter Overview

In the previous chapter, the process for fabricating and testing ZnO TFTs in this
thesis was introduced. In this chapter, the data and observations found during device
fabrication and testing are presented and analyzed. In order to present the findings and
observations in a logical order, the chapter is divided into five main sections. First, ZnO
TFTs with titanium-tungsten and tungsten source and drain contacts patterned by
multiple CF4/O, and SF¢ RIE powers are presented. Next, the lift-off comparison study
compares the electrical characteristics of ZnO TFTs with ohmic source and drain contacts
patterned by RIE to ZnO TFTs with lift-off defined source and drain contacts. Finally the
electron-beam device studies presents the results and observations found during attempts

at patterning ZnO TFTs with nano-scale channel lengths using e-beam lithography.

Tungsten Device Study

ZnO TFTs fabricated by etching a 1000 A tungsten film using a RIE to define
source and drain contacts were fabricated as described in Chapter I11l. RIE of the tungsten
film was accomplished using the Unaxis 790 series plasma processing system utilizing a
fluorine based etch chemistry. Table 5 outlines the etch chemistry and plasma system
parameters utilized for device fabrication along with the corresponding etch rate of

tungsten.
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Table 5: RIE chemistries and corresponding etch rates for tungsten

Gas Flow Chamber RIE Power Tungsten

Etch Gas Rate Pressure (Watts) Etch Rate

(sccm) (mTorr) (A/min)
CF4/0, 40/2 40 200 238
CF4/0, 40/2 40 150 223
CF4/0, 40/2 40 100 184
CF4/0, 40/2 40 50 111
SFe 40 40 200 2141
SFe 40 40 150 1586
SFe 40 40 100 1070
SFe 40 40 50 531

Optical Analysis

Optical images of a sample taken during device fabrication are shown Figure 32.
The images were taken using a Ziess Axio optical microscope under 20x optical zoom.
The image on the left shows a device prior to channel opening. While the image on the
right shows the same device after RIE of the exposed tungsten in the channel. Etching
was accomplished using a SFe¢-RIE at 200W for a timed 45 second etch, representing a
50% over-etch time. The RIE process appears to have completely removed all of the
exposed tungsten, with no noticeable damage to the underlying ZnO layer. However,
damage to the ZnO film cannot be analyzed under this magnification, thus SEM analysis
was conducted. Samples etched using the remaining CF4/O, and SFg recipes for a timed

50% over-etch displayed similar results.
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Drain
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Figure 25: Optical image of a ZnO TFT taken under 50x-magnification prior to channel
opening (left) and after removing the exposed tungsten using a SFe-RIE at a 150W
plasma power.

SEM Analysis

The substrate gated ZnO TFTs were analyzed using a Hitachi SU-70 and FEI
Strata DB235 for SEM imaging and milling, respectively. For consistency, the devices
with as drawn channel lengths (Lc) = 2-pum (defined as the distance between the source
and drain pad opening on the photomask) were analyzed on each sample. Prior to cross
sectioning a platinum film was deposited over the area of interest in an attempt to reduce
the curtaining effect. Figure 26 shows a top down SEM image of a completed device,
with annotations indicating where cross sectional analysis was conducted. In order to
interpret the data, the devices fabricated using the CF4/O, etch chemistries are first

presented, followed by the results using the SFg etch chemistries.
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Figure 26: SEM image of a ZnO TFT fabricated in this thesis showing the channel region
(Lc) where cross sectional SEM analysis was conducted.

CF4/O, RIE Plasma Etched Devices

Cross sectional SEM images of ZnO TFTs fabricated using a CF4/O, RIE
chemistry a 200W and 50W power are shown in Figure 27. The SEM images show the
exposed tungsten film in the channel area was completely removed under both RIE
conditions. Additionally, a very high anisotropic etch profile using the CF,/O, RIE at
200W was achieved. However, a relatively small undercut of less than 30 nm of the
Ti/Pt/Au/Ni contact pad which was used as an etch mask is observed using the CF4/O,
RIE at a 50W power setting. Undercutting of the etch mask is undesirable when

attempting to pattern short channel ZnO TFTs.
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Figure 27: SEM cross sectional images showing the channel region and the source and
drain contacts of a ZnO TFT patterned using a subtractive CF,/O, RIE process a) Channel
area of a device patterned using a CF,/O, RIE at 200W. b) Channel area of a device
patterned using a CF,/O, RIE at 50W. c) Drain contact of a device patterned using a
CF,/O, RIE at 200W d) Drain contact of a device patterned using a CF,/O, RIE at 50W

The effective channel length (Lc), defined as the distance from source to drain
was measured on each sample using the Hitachi SU-70 SEM under 100kX magnification.
Table 7 shows the effective channel length under all CF4/O, RIE power settings. The data
show that decreasing the power the CF./O, RIE chemistry effectively increases the
channel length of the device. The increase in channel length is due to undercutting of the

etch mask. The channel length increase was calculated as 3.8% from a device patterned
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using the CF,/O, RIE at 200W compared to 50W setting. The increase in channel length
indicates a CF,/O, RIE at powers below 100W are not suitable for etching tungsten films

to define the source and drain contacts for ZnO TFTs with nanometer channel lengths.

Table 6: Measured effective channel length using the Hitachi SU-70 SEM for ZnO TFTs
fabricated using a subtractive plasma-etch process under various RIE recipes. The flow
rate of CF, and O,were fixed to 40 sccm and 2 sccm respectively, and the power was
fixed to 40 mTorr for each RIE power condition.

RIE RIE Measured Mask

Gas Power Lc (um) Undercut (um)
CF4/0; 200 1.57 0
CF4/0; 150 1.59 0
CF4/0; 100 1.61 0.01
CF4/0; 50 1.63 0.02

The ZnO film thickness was also measured using the SEM tool at a 250kX
magnification. Any thinning of the channel area would indicate the CF,/O, RIE process is
attacking the underlying ZnO film which is used as an etch stop during the CF,/O, RIE
process. At the 250kX magnification, the ZnO film thickness was measured at 54 nm (+/-
3 nm), both within the channel region and underneath source and drain contacts under all
CF4/O, RIE power conditions. The measured ZnO thickness confirms the CF4/O, RIE
process did not attack or thin the ZnO film within the channel, indicating a highly

selective etch was achieved, even at the high power CF,/O, RIE conditions.

SFs RIE Plasma Etched Devices
Cross sectional SEM images of ZnO TFTs with tungsten source and drain
contacts patterned using a SFg RIE at the 200W and 50W power conditions are shown in
Figure 28. The SEM images show the exposed tungsten film was completely removed in

the channel area under both RIE conditions. Additionally, no undercutting of the etch
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mask was observed using the SFg RIE at 200W, indicating a very highly anisotropic etch
was achieved. However, a significant undercut of 160 nm, measured using the Hitachi
SEM at a 250kX magnification, was observed on a device patterned using the SFs RIE at
a 50W power setting. The large undercut indicates the RIE process is dominated by a
chemical attack of the tungsten film, rather than a physical process, using a SFs RIE at

S0W.

a) SF, RIE at 200W b) SF, RIE at 50W

B e =15 T =191 -um

c) SF¢ RIE at 200W

Ti/PUAU/NI

Figure 28: SEM cross sectional images showing the channel region and the source and
drain contacts of a ZnO TFT patterned using a subtractive SFs RIE process at a plasma
power of 200W and 50W. a) Channel area of a device patterned using a SFg RIE at
200W. b) Channel area of a device patterned using a SF¢ RIE at 50W. ¢) Drain contact of
a device patterned using a SF¢ RIE at 200W d) Drain contact of a device patterned using a
SFs RIE at 50W
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The effective Lc was measured on each sample using the Hitachi SU-70 SEM
under 100kX magnification. Table 7 shows the effective Lc under each SFg RIE power
setting. From the data, decreasing the power of SFg RIE effectively increases the channel
length of the device due to undercutting of the etch mask. A total change in the effective
channel length of 22% was calculated between the devices fabricated using a SFs RIE at
200W compared to a SFg RIE at 50W. The observed increase in channel length indicates
a SFg RIE at RF powers below 150W are not suitable for etching tungsten films to define

the source and drain contacts for ZnO TFTs with nanometer scale channel lengths.

Table 7: Measured effective channel length using the Hitachi SU-70 SEM for ZnO TFTs
with tungsten source and rain contacts patterned using a subtractive SFg-RIE under
various power conditions. SFg flow rate and chamber pressure were fixed to 40 sccm and
40 mTorr for each RIE power condition, respectively.

RIE RIE Measured Mask

Gas Power Lc (um) Undercut (um)
SFe 200 151 0

SFe 150 1.59 0.01

SFe 100 1.81 0.08

SFe 50 1.91 0.14

The ZnO film thickness was also measured using the SEM tool at a 250kX
magnification. Any thinning of the channel area would indicate the RIE process is
attacking the underlying ZnO film which is used as an etch stop during the RIE process.
At the 250kX magnification, the ZnO film thickness was measured at 54 nm (+/-3 nm),
both within the channel region and underneath source and drain contacts under all SFg
RIE power conditions. The measured ZnO thickness confirms the SFg RIE process did
not attack or thin the ZnO film within the channel, indicating a highly selective etch was

achieved, even at the high power SFg RIE conditions.
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DC -1V Analysis.

The completed ZnO TFTs were tested using a using a fully automated cascade
probe system and HP4142 parameter analyzer to gather DC measurement data. Each
sample measured roughly 4 cm?, with approximately 20 die sites per sample. Prior to
probing, a small subset of the die sites on each sample were manually tested using a
Tektronix programmable curve tracer and it was discovered that the devices exhibited
high leakage current. After undergoing a 10 min 250°C hot-plate bake at atmosphere, the
leakage current dropped to undetectable levels for all devices. The results reported in this
section were captured after a 10 min 250°C hotplate bake from the devices with as drawn
Wec=2x150 umand Lc =2 pum.

The width normalized drain-current versus drain-voltage (Ip-Vp) at Vg = 2, 6 and
10 volts for all the devices across each the sample is shown in Figure 29. The samples
patterned utilizing the CF4/O, RIE recipes are shown on the left while the samples

patterned using the SFg RIE recipes are shown on the right.

a) CF,/0, RIE b) SF4 RIE
250 250
SOW v = 10V, step -4V SOW 1y = 10V, step -4V
100W 100W
200 150w ] 200 150w
200W 200w
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Figure 29: Plots showing the drain-current versus drain-voltage (Ip-Vp) at Vg=2, 6 & 10V
of ZnO TFTs with tungsten source and drain contacts patterned by (a) CF4/O,-RIE and
(b) SF¢-RIE under varying plasma power settings. As drawn Lc = 2.0 um for all devices.
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From the Ip-Vp data, a linear increase of Ip is observed at low Vp values,
indicating the tungsten source and drain contacts are ohmic and do not exhibit any
blocking behavior. Additionally, the ZnO TFTs saturate at high Vp with an output

conductance (G, = Al,/AV, ) of ~ImS/mm at Vg = 10V calculated by taking from the

line of best fit between Vp from 8V to 10V. However, a reciprocal dependence of Ip on
plasma power is observed for devices patterned using the SFs-RIE chemistry. From the
data, the TFTs patterned using SFe-RIE chemistry at 50W show a 27% decrease in Ip
compared to devices patterned using the SFg-RIE chemistry at 200W. This decrease in Ip
corresponds to the change in Lc measured using the Hitachi SEM for devices patterned
using these chemistries. Therefore, it can be concluded the reduction of I at the 50W and
100W RIE powers is due to an increase in channel length caused by undercutting of the
etch mask using the low power SF¢ recipes.

Figure 30 shows the width normalized drain current versus gate voltage (Ip-Vg),
at Vp =10V (top) and the log of the drain current versus drain voltage (log (Ip)-Ve), at Vp
= 0.2V (bottom). Again, the samples patterned utilizing the CF,/O, RIE chemistries are
shown on the left while the samples patterned using the SFg RIE recipes are shown on the

right.
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Figure 30: Plots showing the drain-current versus gate-voltage (Ip-Vg) on a linear and
semi-log scale for ZnO TFTs with tungsten source and drain contacts patterned by
CF,/0, RIE and SF¢ RIE under varying plasma power settings. As drawn L¢ = 2.0 um for
all devices. a) Ip-Vg at Vp = 10V b) Ip-Vs at Vp = 10V c¢) log(lp)-Ve at Vp = 0.2V, d)
IOg(ID)'VG at VD =0.2Vv

The on-voltage (Von), Which is the gate voltage at the onset of the initial sharp
increase in current on the (log (Ip)-Ve) plot, is approximately -0.2V for all devices. Vo, is
the gate voltage required to fully deplete the channel of free electrons [23]. A shift in Vo,

would indicate traps or other defect states at the ZnO/Al,O3 interface. The off current

(loer) and gate leakage (1) of all devices was measured as logr < 10° mA/mm and Ig <

10 pA at a Vp = 0.2V and Vg = 10V. An increase in lorr Would indicate additional trap
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states along the back of the ZnO channel. Therefore, from the data, it can be concluded
the trap states along the ZnO/Al,O5 interface or along the backside of the channel are not
influenced by variations in the RIE gas chemistry or power.

Using the collected DC-1V data, the average maximum field effect mobility (ue max),
current density and (lgmax) and transconductance (Gmmax) Was calculated across each
sample. The average usemax Was calculated from the 1p-V¢ data at Vp =0.2 volts and Vg =
10 volts using Equation 2.7. The oxide capacitance per unit area (Cox) was calculated as
413 nF/cm? using an oxide thickness (to,) of 20 nm(measured using the Hitachi SU-70
SEM) and assuming an ideal dielectric constant (erox) for Al,O3 of 9.34. Table 8 shows

the calculated parameters for each etch-recipe utilized for device fabrication.

Table 8: Extracted maximum current-density (Ipmax), transconductance (Gmmax) and field-effect-
mobility (use max), for ZnO TFTs with tungsten source and drain contacts patterned by CF,/O, and
SFe RIE under varying plasma power settings.

RIE RIE Measured Lc e, max ld max Gm,max
Gas Power (um) (cm2/Vs) (MA/mm)  (mS/mm)
W
CF4/0; (200) 1.57 33.39 170.4 525
CF4/0; 150 1.59 33.36 171.1 48.7
CF4/0; 100 1.61 32.62 167.3 48.8
CF4/0; 50 1.63 32.25 164.8 50.3
SFg 200 151 31.43 165.4 515
SFg 150 1.59 30.18 149.9 46.0
SFg 100 1.81 30.43 124.7 39.2
SFg 50 191 30.65 120.5 37.8

Figure 30 illustrates the calculated field effect mobility («s) and transconductance
(Gp) as a function of gate voltage for a representative device fabricated using the CF4/O,

and SFg RIE chemistries at both 200 W and 50 W. Both us and G, display a continuous
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increase with gate bias, reaching their respective maximum values at Vg = 10V.
Indicating higher mobility values at higher V¢ settings are possible.

The calculated usemax value of approximately 33 cm?Vs achieved using the
subtractive RIE process is similar to typical results reported in literature for ZnO TFTs.
The ZnO TFTs reported in literature have cited 1 values ranging from 2.3 cm?/V/s [72] to
110 cm?Vs [13]. However, these values were cited for devices using different gate
dielectric and gate voltage settings, therefore it is difficult to make a direct comparison.
Still, the measured s in this work (as well as values reported in literature) is significantly
lower than the calculated theoretical room temperature hall mobility of 205 cm?/Vs for
single-crystal ZnO [38]. Recent studies published by Lorenz et al. show that ZnO films
deposited by a multistep PLD on c-plane sapphire exhibit mobility values that are
comparable to single-crystal ZnO [51]. The study by Lorenz et al. indicates that
increases in mobility and device improvement can be expected with further optimization
to the ZnO deposition used for thin-film growth in this work. However, modifications to

the ZnO PLD process are outside of the scope of this work.
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Figure 31: Plots showing the field effect mobility («) and transconductance (G,,) versus
gate voltage for ZnO TFTs with tungsten source and drain contacts patterned by (a)
CF4/O, RIE at 200W, (b) SF¢ RIE at 200W, (c) CF4/O, RIE at 50W, and d) SFs RIE at
50W. A decrease in Gy is observed at the 50W plasma settings due to an increase in the
effective channel length caused by isotropic etching at low plasma power conditions.

Results Overview

ZnO TFTs were successfully fabricated using a RIE process to define tungsten

ohmic contacts using the underlying ZnO film as an etch stop. From the SEM data, the

SF¢ and CF4/O; RIE chemistries at 200W resulted in the highest anisotropic etch profiles.

Additionally no thinning of the ZnO channel layer was observed indicating that a highly

selective etch was achieved. The observed anisotropic etch profiles patterned using the

CF4/0, and SFg¢ RIE chemistries at 200W result in the shortest channel lengths and
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therefore the highest observed I, and Gy. Conversely, ZnO TFTs fabricated using a SFg
and CF4/O; RIE chemistries at a 50W and 100W power setting to pattern tungsten source
and drain contacts displayed significant lateral etching, effectively increasing the channel
length of the device, and reducing the maximum Ip and Gy of the device. The data
indicates the SFg and CF4/O, RIE chemistries at 200W provide the ideal chemistry for
patterning short channel length ZnO TFTs studied in this work.

Additionally, from the measured DC-1V data w was extracted as approximately
31 cm?/Vs at Vg = Vp = 10 V, independent of the RIE chemistry or power utilized for
channel etching. Mobility provides a measure of the efficiency with which electrons
move through the channel of the ZnO TFT. Therefore, it can be inferred that the carrier
transport of the ZnO channel is unaffected based on the RIE chemistry or power used for

device fabrication.

Titanium-tungsten Device Study

ZnO TFTs fabricated by etching a 1000 A titanium-tungsten (TiW) film using a
RIE process to define source and drain contacts were fabricated as described in Chapter
I1l. RIE of the TiW film was accomplished using the Unaxis 790 series plasma
processing system utilizing a fluorine based etch chemistry. Table 9 outlines the etch
chemistry and plasma system parameters utilized for device fabrication along with the
corresponding etch rate of TiW. The original intent of the study was to investigate the
electrical characteristics of ZnO TFTs using a subtractive RIE process; however
fabrication issues were encountered during processing which prevented functional

devices from being realized.
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Table 9: RIE chemistries and corresponding etch rates for titanium-tungsten

Titanium-
Gas Flow Chamber RIE Power Tungsten
Etch Gas Rate Pressure

(scem) (mTorr) (Watts) Etch Rate

(A/min)
CF4/0, 40/2 40 200 262
CF4/0, 40/2 40 150 237
CF4/0, 40/2 40 100 233
CF4/0, 40/2 40 50 168
SFg 40 40 200 1900
SFs 40 40 150 1400
SFg 40 40 100 750
SFs 40 40 50 172

Optical Analysis

Optical images of a sample taken during device fabrication are shown Figure 32.
The images were taken using a Ziess Axio optical microscope after attempting to remove
the exposed titanium-tungsten using the SFs-RIE at a 200W power setting. The optical
image shows a significant amount of residual material remaining on the surface of the

sample after the RIE process. The Residual material was also observed on samples etched

using a SF¢ and CF,/O; RIE at plasma powers ranging from 50W to 200W.
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Figure 32: Optical images showing residual titanium-tungsten ohmic material
remaining on the sample surface after SFs-RIE utilizing the Unaxis 790 Series
Plasma System.

The residual material was attempted to be removed using DI water, acetone, IPA,
1165 and plasma ashing in O, for four minutes, However, the material remained on the
sample surface under all treatments. Figure 33 shows a region of the ZnO channel after
ashing the sample in O, for 4-min at 250W power. Plasma ashing in O, should effectively
remove any organic material on the sample; therefore the remaining residual material is
believed to be TiW or pure Ti that was either not completely etched or re-deposited
during the RIE process.

TiW and Ti can be removed using a wet etch process consisting of hydrofluoric
(HF) or hydrochloric (HCL) acid. However, wet etching is typically associated with
isotropic etch profiles which are not suitable for patterning nanometer features.
Furthermore, the high etch rate of ZnO in acidic based etchants make this course of

action unfeasible, as the ZnO channel layer would be completely removed during the wet
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etch step. For reference, device mesa isolation was accomplished using HCL:DI (1:1000)

wet etch to remove the field ZnO.

Figure 33: Optical image showing residual titanium-tungsten ohmic material
remaining in the channel area after SF¢-RIE and plasma ashing in O,

Although the cause for the incomplete removal of the TiW on the sample is not
completely understood, one theory is that the exposed ohmic contacts are accumulating a
significant amount of charge during the RIE process, preventing the fluorinated ions
within the plasma from reacting with the TiW film. The remaining material in the
channel may cause fringing currents, or possibly shorting of the device as the channel
length. Other plasma etch processes, such as inductively coupled plasma (ICP) etching,
rather than RIE, should be pursued in further studies in attempt to pattern TiW source and
drain contacts for ZnO TFTs. However, this was not pursued due to time constraints on

this work.
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Lift-Off Comparison Study

In this study the electrical characteristics of ZnO TFTs fabricated using AFRL’s
standard lift-off process for patterning source and drain contacts were compared to ZnO
TFTs with contacts patterned using a subtractive RIE process. The lift-off samples were
prepared by depositing 20 nm of Al203 on 3” n-type Si (1-10 Q-cm) wafers, to serve as
the gate-dielectric and gate electrode, respectively. Next, the semiconductor active layer,
consisting of a 50 nm ZnO thin film was deposited by PLD. The entire sample was then
annealed at 400°C for 1-hour in atmosphere. After anneal, evaporated Ti/Pt/Au/Ni
(200/300/3500/200 A) source and drain contacts were patterned using a bi-layer lift-off
method. The lift-off defined ZnO TFTs were then electrically tested as defined in chapter
I11. The extracted electrical characteristics were compared to ZnO TFTs with RIE defined

tungsten source and drain contacts patterned using a CF4/O; and SFg RIE at 200W

DC-1V Analysis

The electrical characteristics of ZnO TFTs with W = 2 x 150 um and Lc = 1.5
pm are shown in Figure 34. The field effect mobility («s) was calculated from the 1p-Vg
data at low Vp (=0.2v) using Equation 2.7. The oxide capacitance per unit area (Cox) was
calculated as 413 nF/cm? using an oxide thickness (to) of 20 nm (measured using the

Hitachi SU-70 SEM) and assuming an ideal dielectric constant (er ox) for Al,O3 of 9.34.
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Figure 34: Plots showing the electrical characteristics for ZnO TFTs with tungsten source
and drain contacts patterned by CF,O, and SF¢ RIE compared to ZnO TFTs with
Ti/Pt/Au/Ni contacts patterned by lift-off. a) Ip-Vg b) Gy- Ve. €) te -Ve. d) Ip-Vp,

From the data, ZnO TFTs with lift-off and subtractive RIE defined source and

drain contacts display similar behavior. A maximum Ip and Gy of approximately 165

mA/mm and 50 mS/mm is reached at Vp = Vg = 10V, respectively, for all devices. From

the Ip-Vp data, a linear dependence on Ip versus Vp is observed at low Vp values (i.e. in

the linear region of operation) indicating that the RIE defined tungsten as well as lift-off

defined Ti/Pt/Au/Ni contacts are ohmic. From the Ip-Vp data, the width normalized Ry,

was calculated as ~24 Q-mm for all devices. Finally, us was calculated at ~31 cm?/Vs for
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all devices, indicating the electron transport of the ZnO film is not altered during the RIE
process. Table 10 shows the Ip max, Gmmax and usemax taken at Vg = Vp = 10V for each
device variation. The device data show no statistical difference between the subtractive

etched defined devices and the lift-off defined devices.

Table 10: Extracted maximum current-density (Ipmax), transconductance (Gmmax) field-effect-mobility
(e max) @nd on-resistance (Ro,) for for ZnO TFTs with tungsten source and drain contacts patterned by
CF,/0, and SF¢ RIE compared to ZnO TFTs with Ti/Pt/Au/Ni contacts patterned by lift-off

Hte,max I, max Gm,max Ron
(cm’/Vs) (mA/mm) (mS/mm) Q)

Lift-Off 30.01 (+/-0.85) 162.2 (+/-12.5) 48.6 (+/-6.3) 24.8 (+-0.72)

CF4/0, RIE
at 200W 33.39 (+/-053) 170.4 (+-9.5) 52.5 (+-1.7) 23.9 (+/-0.83)
SFSOFE)U\E/ at 31.43 (+/-0.96) 165.4 (+/-6.3) 51.5 (+/-1.8) 24.5 (+/-0 .75)

Sheet Resistance Extraction
Figure 35, shows the extracted Ip-Vp characteristics for both the lift-off and

subtractive plasma-etched ZnO TFTs with optically measured channel lengths ranging

from 4.8 pm down to 0.8 um. From the Ip-Vp data, the average Ron (= AV, /Al ) across

each sample was extracted from the linear best fit (Vps between 0 and 0.25V) at each Lc.
From the extracted Ro, data, and using a gated transfer-length-method (TLM), the

sheet resistance (R;) of the ZnO channel and parasitic source and drain resistances was

extracted. Sheet resistance provides insight into the electrical characteristics of the

conducting ZnO channel without the influence of parasitic series resistances. Thus, by
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extracting R for both lift-off and the subtractive-etched defined devices, a change in the

electrical characteristics of ZnO film caused by the plasma-etch process can be identified.
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Figure 35: Plots showing the drain-current versus drain-voltage (Ip-Vp) transfer
characteristics for ZnO TFTs with tungsten source and drain contacts patterned by

CF,/0, and SF¢ RIE compared to ZnO TFTs with Ti/Pt/Au/Ni contacts patterned by lift-

off. a)Lc =08 um. b) Lc=1.2 um.c) Lc = 1.6 um. d) Lc = 4.8 um.

Figure 36 shows the average width normalized R,, plotted as a function of

channel-length (Lc) for the lift-off defined devices and subtractive RIE defined devices.

From the data, Rswas calculated as the slope of the line of best fit (R, = (AR, /AL, )W)

between the points at each gate voltage setting.
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Figure 36: Average width normalized on-resistance versus channel length (R,,\W-L¢) for
a) ZnO TFTs with Ti/Pt/Au/Ni source and drain contacts patterned by lift-off compared
to b) ZnO TFTs with tungsten contacts patterned by SFg-RIE. Symbols represent
experimental and lines represent experimental and fitted data, respectively.

Figure 37 shows the extracted sheet resistance versus gate voltage (R-Vg) for the
subtractive RIE and the lift-off defined devices. The data show R is approximately 1.5
times higher for the subtractive RIE defined devices at low Vg (= 4V) compared to the lift
off defined devices. An increase in R; may indicate a reduction in the effective carrier
mobility in the ZnO film of the subtractive-etched devices, possibly due to the ZnO film
being exposed to the RIE chemistry. However, Rs converges to approximately 15-kQ/o

for all device variations at high Vg (= 10V).
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Figure 37: Comparison of the average extracted sheet resistance versus gate voltage (R.-
V) for ZnO TFTs with tungsten source and drain contacts patterned by CF4/O, and SF
RIE compared to ZnO TFTs with Ti/Pt/Au/Ni contacts patterned by lift-off. Symbols
represent experimental data.

In order to evaluate the effects on the RIE plasma process on the ZnO film
directly, the lift-off defined sample was scored into two sections and subsequently
exposed to the CF4/O, or SFg RIE chemistry at a 200 W plasma power setting. A 2 min
and 30 second exposure time was utilized for the CF,/O, or SFs RIE, respectively. These
etch times represent the time required to etch 500 A of tungsten. After exposure to the
RIE plasma chemistry, the samples were annealed at 250°C at atmosphere for 10-min and
retested. As shown in Figure 37 there was no measurable change in the gate voltage
dependent sheet resistance for the lift-off defined devices pre- and post- exposure to
either RIE chemistry.

Additionally, using Equation 2.13 an attempt to extract intrinsic field effect

mobility and threshold voltage was accomplished by plotting 1/R; versus Vs, However,
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as shown in Figure 38, 1/R; does not scale linearly with Vg as is suggested by equation
2.13. This is attributed to the fact that Equation 2.13 is typically utilized to evaluate the
conduction channel of a-Si TFTs, which have vastly different transport characteristics
compared to nanocrystalline-ZnO TFTs. As shown by Hoffman [29], the field effect
mobility (ure) in ZnO TFTs is not constant, but instead a function of Vg, which is not

accounted for in Equation 2.13.
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Figure 38: Plot showing the inverse of the sheet resistance versus gate voltage (1/Rs-Vg)
for ZnO TFTs with tungsten source and drain contacts patterned by CF,/O, and SF¢ RIE
compared to ZnO TFTs with Ti/Pt/Au/Ni contacts patterned by lift-off. Symbols and
lines represent experimental data and the best-fit 2" order polynomial, respectively.

Therefore, the process used to extract Vy; and u.,; was to fit a 2™ order polynomial
to the measured data. Extrapolating the best-fit 2" order polynomial to 1/R; = 0, yields a
Vi of 2.7V and 2.96V for the lift-off and subtractive-etched defined devices, respectively.
Additionally, the instantaneous derivate of the 2" order polynomial fit at Vg = 10V was

calculated. Dividing the instantaneous derivative by Cox (= 413 nF/cm?) yields a use
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value of 46.1 cm?/Vs and 38.4 cm2/Vs at Vg = 10V for the lift-off and subtractive etched
defined devices, respectively. The change in the intrinsic field effect mobility compared
to the mobility extracted using the DC-IV data suggests contact resistance is non-
negligible. Therefore, it is expected the contact resistance to degrade device performance

as L¢ is scaled.

Device Scaling Comparison

The channel lengths of the optical lithographically defined ZnO TFTs fabricated
in this thesis were limited by the lift-off defined ohmic metal pads. Figure 39 shows the
extracted Ip-V¢ characteristics at Vp = 8V for ZnO TFTs with lift-off defined Ti/Pt/Au/Ni
and and subtractive RIE defined tungsten source and drain contacts with as drawn L¢
ranging from 4.8 um to 0.8 um. The data show Ip increases with Lc as suggested by the
square law model shown in Equation 2.1. The highest achieved Ip and Gy values of
~500 mA/mm and ~100 mS/mm being observed on devices with Lc = 0.8 at bias

conditions of V¢ = 10V and Vp = 8V.
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Figure 39: Plots showing the drain current density versus gate-voltage (Ip-Vg) for ZnO

TFTs with tungsten source and drain contacts patterned by CF,/O, and SF¢ RIE compared

to ZnO TFTs with Ti/Pt/Au/Ni contacts patterned by lift-off. a) Lc = 0.8 um. b) Lc = 1.2

pum. ¢) Le =1.6 um. d) Lc = 4.8 um.

From the transfer characteristics, the average Ip across each sample at each Lc was
extracted at Vg = 10V and Vp = 8V. Figure 39 illustrates the maximum Ip for for ZnO
TFTs with tungsten source and drain contacts patterned by CF,/O, and SFg RIE
compared to ZnO TFTs with Ti/Pt/Au/Ni contacts patterned by lift-off on a log-log plot.

All device variations show the same Ip dependence on L, suggesting that device scaling

is not influenced by the surface states at the Al,O3-ZnO interface or at the back surface of
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the ZnO thin-film [17]. Additionally, assuming the scaling holds as L¢ is decreased; Ip

values above 1 A/mm can be expected with Lc below 500 nm.
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Figure 40: Drain current density dependence on channel length shown on a log-log plot
for ZnO TFTs with tungsten source and drain contacts patterned by CF,/O, and SFg RIE
compared to ZnO TFTs with Ti/Pt/Au/Ni contacts patterned by lift-off. Symbols and
lines represent experimental data and the best-fit line, respectively. Extrapolation of the
Data shows ZnO TFTs with LC below 500 nm may operate at Ip values above 900
mA/mm.

Results Overview

The data extracted from the DC-1V curves show, no statistical difference in Ip max,
or Gmmax When comparing the ZnO TFTs with tungsten source and drain contacts
patterned by CF4/O, and SFg RIE compared to ZnO TFTs with Ti/Pt/Au/Ni contacts
patterned by lift-off with measured channel lengths of 1.5 um. From the data it can be
concluded the RIE processes does not alter the DC electrical performance of the device.
However, an increase in Rs at low Vg (= 4V) settings was observed on the subtractive

RIE devices when compared to the lift-off defined devices. This is possibly due to a
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reduction of the carrier mobility in the ZnO channel layer in the subtractive RIE defined
devices with tungsten source and drain contacts.

An experiment directly measure the effect of the CF,/O, and SFs RIE process on
the ZnO active channel layer was conducted by exposing the lift-off defined ZnO TFTs to
the RIE chemistry. The data show no measurable change in Rs for the devices with after
being exposed to the RIE chemistry. The results indicate the change in Rs cannot be
attributed to damage induced during the RIE process. Thus, the increase in measured Rg
and resultant reduction in mobility at low Vg settings is therefore attributed to process
variation. However, additional studies with larger sample sizes are needed to confirm
this prediction.

Finally, ZnO TFTs with tungsten source and drain contacts patterned by CF4/O,
and SFs RIE and ZnO TFTs with Ti/Pt/Au/Ni contacts patterned by lift-off demonstrate
the same Ip and R, dependence on L described by the square law model. The scaling
dependence of Ip and Ry, on L¢ for ZnO TFTs with Lc of 0.8 um fabricated in this work
are not limited by large contact resistance values, velocity saturation, or other short
channel effects. Therefore, assuming the dependence holds as L¢ is decreased, current

densities above 1 A/mm are possible by scaling L¢ below 500 nm.

E-Beam Device Study Using ZEP

ZnO TFTs with subtractive RIE defined tungsten contacts were patterned utilizing
ZEP520a as an etch mask were fabricated as detailed in Chapter I11. Due to the high etch
rate of organic resists in O, rich plasmas, only the SFg RIE chemistry at a 200W power

setting was utilized for device fabrication. Prior to device fabrication, an etch study was
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conducted to calculate the etch rate and selectivity of ZEP520a in a SFs-RIE process.
Table 11 details the nominal spin on thickness, etch rate, and selectivity

(tungsten:ZEP520a) found during the study.

Table 11: ZEP520a spin on and etch characteristics in the SFs RIE at a 200W plasma power

Nominal Spin
on Thickness (A) 3600
Etch Rate (A/min) 700
Selectivity (W:resist) 2.7:1

Based on the results from the etch study, samples were prepared using a single
layer of ZEP520a with 50, 100, 200 and 300 um lines opened in the resist using the
JEOLX e-beam system. A timed 45 second etch utilizing the SFs-RIE at 200W was
expected to completely remove the exposed tungsten. However, under SEM investigation
it was found that the 45 second etch-time was insufficient to effectively clear the channel
area. The incomplete removal of the tungsten film is believed to be due to a loading
affect, which effectively decreases the etch rate of tungsten when etching extremely small
geometries. A loading effect was observed by Picard et al. when etching of tungsten in
pure SFg as well as in SFg-O, mixture [73].

In this work, the loading effect is believed to be due to an increase in the reactive
material on the sample when using organic based resist as an etch mask (compared to
previous devices which were fabricated utilizing a metal etch mask). The additional
orgainc material on the sample reacts with the plasma chemistry, reducing the number of

reactive species in the plasma, therefore slowing down the etch rate of tungsten. As a
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result of the reaction limitted etch process, a timed 105 second etch using SFs-RIE at
200W was required to completely clear the tungsten film. However, it is expected that the
etch rate will vary depending on the size of the sample. Therefore, additional studies are

needed to characterize the etch rate of full 3” or 4” wafers.

SEM Investigation

The sample was analyzed using a Hitachi SU-70 and FEI Strata DB235 for SEM
imaging and milling imediately following the RIE process. Figure 41 shows a cross
sectional SEM image immediately following the etch process, prior to stripping the
ZEP520a resist. The image shows the ZEP520a held up during the SFs-RIE process and
the tungsten film appears to have been completely removed from channel area. The etch
profile of the tungsten is nearly perfectly isotropic, even with the increased etch time
required, resulting in a channel opening of 320 nm measured using the Hitachi SU-70.
However, the ZnO film within the channel area appears to have been damaged during the

SFe-RIE process.
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Figure 41: Cross sectional SEM images detailing the channel area of a ZnO TFT with
tungsten source and drain contacts patterned by SF¢-RIE prior to stripping the ZEP-520
etch mask. SEM imaging show the ZnO thin-film in the channel was damaged during the
RIE process possibly due to an interaction with the ZEP-520a e-beam resist used as an
etch mask during the RIE.

Figure 42 shows cross sectional SEM images of a device after stripping the
remaining ZEP520a in 1165 stripper heated to 90°C for 2-minutes. The images clearly
shows the ZnO channel was attacked, although the attack is not uniform thoughout the
channel. In some areas, the ZnO appears to be completely removed, while in others the

full thickness is observed.
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Tungsten Tungsten

Figure 42: Cross sectional SEM images detailing the channel area of two different ZnO
TFTs with tungsten source and drain contacts patterned by SF-RIE after stripping the
ZEP-520 etch mask. SEM imaging show the ZnO thin-film in the channel area was
damaged during the RIE process possibly due to an interaction with the ZEP-520a resist
used as an etch mask during the RIE process. The devices have a SEM measured L¢ =
358 nm.

From the data it is apparent the attack is taking place during the the SFs-RIE
process. Although the root cause is not yet understood, it is believed to be due to a
chemical reaction with ZEP520a resist occuring during the SFg-RIE process. According
to the material safety data sheet (MSDS), the copolymer compound within ZEP520a
contains chloromethyl-acrylate (CICHs) [64]. Therefore, if the ZEP520a decomposes or
outgasses during the RIE process, chlorine (Cl) could be released, resulting in CI
contamination in the plasma. ZnO is known to etch readily in chlorine-containing
plasmas, with reported etch rates in excess of 1000-A/min [74]. Outgassing of the CICH3
copolymer within ZEP-520a, and the resultant chlorine contamination in the plasma,
would explain why an attack on the ZnO film is being observed. Additionally, no

measurable thinning of the ZnO film was observed using the the SFe-RIE at 200W to
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pattern tungsten source and drain contacts to ZnO TFTs using a Ni etch mask.

Suggesting the ZEP-520a is responsible for the attack on the ZnO film.

DC-1V Analysis

Although the SEM images show the ZnO channel was attacked during the the
SFe-RIE process, the devices were still operational, indicating at least a partial ZnO
conductive channel exhists from source to drain. Figure 43 shows the transfer
characteristics of representative device on the sample, with an SEM measured channel
length (Lc) of 358 nm. The device exhibits a maximum Ip and G, of 600 mA/mm and
110-mS/mm, respectively, at Vp =5V and V¢ = 10V. The device also exhibts a low width
normalized R, value of 7.95 Q-mm at Vg = 10V, extracted from the linear best fit line at
Vp between 0 and 0.25V. Based on the data, the device displays Ip steps with decreasing
Vs and trend towards a saturation region with higher Vp. The device also pinches-off at
Vs = -1.8V with an off current of 4.0 x 10° mA/mm, resulting in an on-off current ratio

(lon-orr) OF approximately 1 x 108,
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Figure 43: Plots showing the transfer characteristics of a ZnO TFT with tungsten source
and drain contacts defined by SF¢-RIE. a) Log(lp) and Gy versus Vg. b) Ip versus Vp at
Vg = 10V, Vgsep = 2V. A thinned ZnO channel was observed during SEM caused by
unexpected attack during the RIE process. Lc =348 nm.

Results Overview

Through SEM investigation it was found that the ZnO film in the channel was
attacked during the the SFs-RIE process. The cause for the unexpected etching is
theorized to be a result of the CICH3; co-polymer compound within ZEP-520a which is
outgassing during the RIE process, resulting in a Cl-contaminated plasma. ZnO is known
to etch readily in chlorine containing plasma processes with etch rates above 1000 A/min
[74]. Still, even with the compromised channel, ZnO TFTs with channel lengths of 358
nm reached a maximum Ipmax 0f 600 mMA/mm at Vp = 5V and Vg = 10, and a width
normalized Rq, value of 7.95 Q-mm. The high current and transconductance densities
and low Ry, indicate a highly conductive channel exists between the source and the drain,
even with significant attack of the active ZnO channel being observed. However, the

yield on the sample was extremely low, therefore utilzing ZEP520a as a mask during
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SFe-RIE process is not a repeatable solution for patterning ZnO TFTs. One interesting
result from the study suggests that ZnO TFTs could be fabricated using a significanly
thinner ZnO channel layer (possibly down to single nm thicknesses) without degrading

device performance.

E-Beam Device Study Using PMMA

ZnO TFTs with subtractive RIE defined tungsten contacts were patterned utilizing
a polymethyl-methacrylate (PMMA) etch mask were fabricated as detailed in Chapter I11.
Due to the high etch rate of organic resists in O, rich plasmas, only the SFs-RIE
chemistry at a 200W power setting was utilized for device fabrication. Prior to device
fabrication, an etch study was conducted to calculate the etch rate and selectivity of
PMMA in a SFe-RIE process. Table 12 details the nominal spin on thickness, etch rate,
and selectivity (tungsten:ZEP520a) found during the study. However, due to the loading
effect found while attempting to pattern devices using ZEP520a as an etch mask, it was
expected longer etch times would again be required to completely clear the tungsten. As
a result a double thickness layer of PMMA was used to ensure it would hold up to the
RIE process.

A timed 45 second etch utilizing the SFe-RIE at 200W was expected to
completely remove the exposed tungsten. However, again it was found that the 45 second
etch-time was insufficient to effectively clear the channel area. The decrease in etch time
is attribued to loading effect caused by utilizing an organic based resist as an etch mask,

rather than a Ni mask. As a result of the reaction limitted etch process, a timed 105
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second etch using SFs-RIE at 200W was once again required to completely clear the

tungsten film.

Table 12: PMMA and ZEP spin on and etch characteristics in the SF¢ RIE at a 200W plasma power

Nominal Spin
on Thickness (A) 2900
Etch Rate (A/min) 2800
Selectivity (W:resist) 0.7:1

SEM Investigation
Figure 44 shows a top down SEM image of a completed device after stripping the
remaining PMMA with sources and drain labeled. Inset shows a magnified view of the

channel area illustrating the channel is inset from the ohmic source/drain pads.

Figure 44: SEM image of a completed ZnO TFT with tungsten source and drain contacts
patterned by SF¢-RIE. Inset shows detailed region of the channel area.
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Figure 45 shows cross sectional SEM images of the channel area with the PMMA
resist layer still in tack for varying channel length devices. The image data show the
PMMA etch mask held up during the SFe-RIE process and that the tungsten was
completely removed from channel area. The etch profile is highly anisitropic, although
slight undercutting is observed, resulting in an increase of the channel length of 22 nm
(measured from the difference in channel opting from the top of the tungsten film
compared to the tugnsten/ZnO interface). Additionally, no thinning or attack of the ZnO

film was observed indicating a highly selective etch was achieved.

a) Lc =155 nm

Tungsten

100 nm
Zn0938_PMMA

Figure 45: Cross sectional SEM images detailing the channel area ZnO TFT with
tungsten source and drain contacts patterned by SFg-RIE prior to stripping the PMMA
etch mask. SEM images show no damage to the ZnO channel layer occurred during the
RIE process. a) 155 nm channel b) 445 nm channel.

Figure 46 shows top down SEM images of the channel area of the completed
devices. The ZnO grains can clearly be seen in the channel area. Using the Hitachi SEM

under 200-kX power the channel length of each device was measured at multiple
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locations along the channel. The device image data show a uniform channel length
throughout the width of the device. The subtractive SFs-RIE process yielded devices
with channel lenghts ranging from 425 nm down to 155 nm, measured using the Hitachi

SEM tool.

.| a)Lc=155nm

-

Figure 46: Top down SEM images of the channel region of ZnO TFTs
with tungsten source and drain contacts pattered by SFs-RIE. The process
yielded devices with a) Lc = 155 nm. b) L¢c = 215 nm. ¢) Lc = 325 nm. d)
Lc =425 nm.
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DC-1V Analysis

The completed sample was tested using a using a fully automated cascade probe
system and HP4142 parameter analyzer to gather DC measurement data. The sample
measured roughly 4 cm? with approximately 20 die on the sample. Within each die,
devices had varying channel lengths (Lc) ranging from 155 nm to 425 nm (measured
using the Hitachi SEM) with a fixed channel width of W¢ = 2 x 150 um. Prior to device
testing the sample was annealed at 250°C in atmosphere for 10 min.

The drain-current versus drain-voltage (Ip-Vp) at Vg = 10V, Vg sep = -2V, for all
devices across the sample are shown in Figure 47. As expected, the ZnO TFTs exhibit n-
type behavior with increasing Ip at higher Vg values. A linear dependence of Iy on Vp is
observed at low VD values indicating the tungsten source and drain contacts are Ohmic
and do not exhibit any blocking behavior. However, the devices do not achieve
saturation, due to lateral breakdown limitations of the short channels. From the data, a
width normalized Ry = 3.6 Q-mm for devices with Lc = 155 nm operating at Vg = 10V

was extracted.

101



a) Lo =155nm b) Lo =215nm

1,000 y y y 1,000 .
Vg = 10V Ve = 19V

7501 VG,step =-2V 750} VG,step =-2V
E £
S £
<\( 5001 <\( 500t
E E
0 _0

2501 250+t

0 T 0
0 1 2 3
VD (Volts) VD (Volts)
c) Lc=325nm d) Lo =425nm
1,000 y 1000 y
Vg = 10V Vg = 10V

750F  Vestep = -2V . 750+ Vostep = -2V
E €
£ £
< 5001 < 500 }
£ E
_D _Q

2501 j 250t

0 0
0 1 2 3 0 1 2 3
V;, (Volts) V;, (Volts)

Figure 47: Plots showing the drain-current versus drain-voltage (Ip-Vp) transfer curves at
Ve =10V, step -2V, for ZnO TFTs with tungsten source and drain contacts. The channels
were defined by selective SF¢-RIE of tungsten using a e-beam defined PMMA resist as
the etch mask. a) L¢c =155 nm. b) Lc =215 nm. ¢) L¢c = 325 nm. d) Lc = 425 nm.

The drain current density (Ip) and transconductance (Gm) plotted as a
function of Vg, with Vp = 3.5V are shown in Figure 48. The data show ZnO TFTs
with L¢ = 155 nm, reach a maximum Ip and G, of 830 mA/mm and 120-mS/mm
at Ve =10V and Vp = 3.5V. Such high I values indicate that a highly conductive
channel is induced in these devices. The data also show a continued increase in Ip

as L¢is scaled, which is predicted using the square law model detailed in Equation
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1.1. The dependence of Ip on L¢ indicates velocity saturation has not been reached

even at the high lateral fields associated with the 155 nm L¢ devices.
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Figure 48: Plots showing the drain current density (Ip) and transconductance (Gm) as a
function of Vg for ZnO TFTs with tungsten source and drain contacts. The channels were
defined by selective SF¢-RIE of tungsten using a e-beam defined PMMA resist as the
etch mask. a) Lc =155 nmb) Lc =215 nmc) Lc =325 nm d) Lc =425 nm.

Although, continued increase in Ip versus Vg is observed with L¢ scaling, the data
show Gy saturates at high Vg values ( > 8 V) for devices with L¢ below 425 nm. Gy is a
measure of the amount of gain the device is able to deliver. Thus the frequency
performance of ZnO TFTs with Lc below 425 nm is expected to roll off at high VG
values. However, due to the high practice capacitance associated with the substrate gated
structure used in this thesis, RF characterization was not feasible. Instead, future devices
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should be fabricated employing a metal-gated structure in order to reduce the source to
drain and drain to gate overlap capacitance values.

The cause for the observed saturation of Gy at high Vg values for ZnO TFTs is
believed to be due to surface scattering of the carriers. Since the carrier transport in ZnO
TFTs is done exclusively through electron transport, which is confined to the ZnO/AI203
interface. Increasing V¢ values attracts electrons to the ZnO/AI203 interface, causing the
carriers to scattering along the interface. The scattering effect is more pronounced as Lc
is reduced, since the longitudinal electric field component (i.e. Vp) becomes smaller due
to the lateral extension into the channel region. Scattering of the carriers results in a
decrease in the effective mobility of the channel, corresponding to the observed
saturation of Gy at high V¢ values. A reduction in . and the resultant saturation of Gy is
a common problem for short channel MOSFETS, and is one of many observed variations
from the square law model often termed short channel effects as Lc is scaled below 1 um
[75].

Figure 49 shows Ip and us plotted as a function of Vg with the ZnO TFTs
operating in the linear region (i.e. at Vp = 0.2V). The Ip data is plotted on a log-scale.
From the data, a reduction in s is observed as L¢ is decreased. The observed reduction in
e 1S directly attributed to the scattering of the carriers along the ZnO/Al,Og3 interface at
high Vs values detailed above. Additionally, the presence of source and drain contact
resistance can attribute the reduction ion uz. AS Lc is decreased, the channel resistance is
also decreased; however, the series source and drain resistances are independent of Lc.
Therefore, the effect of parasitic resistance values associated with the source and drain

contacts are more pronounced on a shorter channel device than a longer channel device.
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Thus the effective mobility is decreased in short channel devices where the channel

resistance is on the same order as the series source and drain resistance [76].
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Figure 49: Plots showing the drain current density (Ip) and mobility (uz) as a function of
Vg in the linear region of operation (i.e. Vp = 0.2V) for ZnO TFTs tungsten source and
drain contacts patterned by SF¢-RIE through openings in a PMMA defined etch mask. A
shift in V,, is observed as the channel length is decreased. a) Lc = 155 nm b) Lo = 215
nmc) Lc =325 nmd) Lc =425 nm.

A negative shift in the turn on voltage (V,n), defined as the Vg value that Ip
displays its initial increase on a log-scale, is also observed as L is decreased. The device
data depicted in Figure 49 demonstrates ZnO TFTs with Lc below 300 nm are not
completely pinched-off at Vg = -2V. For switching applications, enhancement mode

operation (i.e. positive V,,) is desirable, as no gate voltage is required to turn the device
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off, thus minimizing power loss. Additionally, in high power applications enhancement
mode operation is a requirement for safety reasons. If the gate connection were to be
damaged, enhancement mode operation would ensure the switch would be in the off
position. Thus, the observed negative shift in V,, is undesirable. However, devices with
positive Vo, values could possibly be fabricated using different ZnO PLD conditions or
post growth annealing [13, 12]. However, modifications to the ZnO PLD process were

outside the scope of this work.

Contact Resistance Extraction

Figure 50.a shows the average calculated R, plotted as a function of channel-
length. The average Ro, across the sample was calculated from the linear fit from Vp =0
and 0.25V using the Ip-Vp data shown in Figure 47. The smallest width-normalized Ry,
was calculated as 3.6 Q-mm for devices with a measured Lc of 155 nm. The low Rq,
opens the possibility of integrating ZnO TFTs in high performance switching
applications, as minimizing Ro, is critical to ensuring a switch with low insertion loss

[77].
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Figure 50: Plots showing R,, as a function of L for subtractive RIE defined ZnO TFTs with
tungsten source and drain contacts at multiple Vg settings. A width-normalized R,, was
calculated as 3.6 Q-mm for devices with a measured L = 155 nm, shown in (a). Additionally
a width normalized Rsp = 2.1 Q-mm was extracted using gated-TLM, shown in (b). Symbols
and lines represent data points and linear best fit, respectively.

From the data, a linear dependence of Ry, versus Lc is observed. By calculating
the linear extrapolation of the data points at Vg = 6, 8, and 10V, a common cross point at
Lc = 0 was extracted. From gated-TLM, detailed in Equation 2.12, the intersection at L¢
= 0 is interpreted as the total parasitic source/drain resistance. The extraction of Rsp is
illustrated in Figure 50.b. Normalizing the data by channel width yields Rsp = 2.1 Q-mm,
indicating the ZnO-tungsten interface is a low resistive ohmic contact. The sheet
resistance (Rs) was also extracted from the slope of the linear best-fit lines at each Vg,
again using Equation 2.12. Figure 51 illustrates the extracted R plotted as a function of

V. From the data, a minimum channel sheet resistance for the ZnO TFTs was observed

as 13.1-kQ/o at a Vg = 10V.
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Figure 51: Plot showing the extracted sheet resistance (&) as a function of gate voltage
for subtractive RIE defined ZnO TFTs with tungsten source and drain contacts. From the
data, a minimum R, = 13.1-kQ/o at a Vg = 10V was observed.

Although an extracted Rsp of 2.1 Q'mm is low, and confirms the tungsten/ZnO
interface is ohmic. Rsp composes over 50% of the total on-resistance of a 155 nm ZnO
TFT. Therefore, significant improvement in Ry, can be expected by reducing Rsp.
Decreasing the contact resistance of a metal-semiconductor junction is often
accomplished by rapid thermal annealing, however Lim et.al. demonstrated that post
deposition annealing of sputtered tungsten films on n-type ZnO at temperatures above
700°C produces rectifying behavior with schlocky barrier heights of 0.45 eV [56].
Therefore, annealing of the samples is not expected to reduce Rsp. Instead, selective
doping of the ZnO thin-film could be accomplished in order to lower the barrier height
between the ZnO thin-film and tungsten. Additionally, investigation into other contact

metals that can be selectively etched using a fluorine based RIE should be investigated in
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attempt to reduce the contact resistance between the ZnO thin film and source and drain

contacts.

Lateral Break-Down Voltage

An attempt to measure the lateral breakdown voltage (Vgp) of the devices was
undertaken. Vgp was extracted using the HP442 parameter analyzer by ramping Ip from
0.0 to 1.0 pA/mm at a fixed Vg = -2V (so the device is in pinch-off). Vgp was thus
defined as the Vp value when Ip reached 1 mA/mm. For an accurate lateral Vgp value to
be extracted, two parameters must be met. First, the gate dielectric must not break down
prior to the ZnO channel, and second, the device must be in pinch-off. As shown in
Figure 49, devices with Lc below 300 nm do not completely pinch-off at Vg = -2V, and
therefore were not measured.

Figure 52 illustrates the extraction of Vgp on a 320 nm subtractive RIE defined
ZnO TFT. From the data, the gate current (Ig) also starts to exponentially increase at Vp =
9V, however Ig is two-orders of magnitude lower than Ip, indicating the majority of the
current is conducting from drain to source through the ZnO thin-film (not from drain to
gate, through the Al,O3 dielectric). Thus, breakdown is occurring laterally (due to a

breakdown of the ZnO thin-film), not due to breakdown of the gate dielectric. From the
data, the Vgp was extracted as 8.5V. Converting to electric field (E =V/L), the critical

electrical field breakdown is 26.7 V/um. The observed electric field breakdown is

consistent with longer channel devices previously fabricated at AFRL.
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Figure 52: Plot showing the extraction of lateral breakdown voltage (Vgp) for a
subtractive plasma-etched defined ZnO TFT with a 320 nm channel. An exponential
increase in drain current is observed at a drain voltage of 8.5V indicating lateral
breakdown of the ZnO thin-film channel.

The low observed lateral breakdown voltage is a series issue if ZnO TFTs are to
be utilized in high performance switching applications. A typical switch needs to
withstand voltage swings anywhere from 10V up to hundreds of volts depending on the
application. The low lateral breakdown of the fabricated ZnO TFTs could be overcome
in some applications by stacking multiple devices to form a switch arm [77]. However,
stacking of devices requires additional fabrication complexity and increases associated
capacitance, ultimately degrading the performance of the circuit. Instead research into
extending the lateral breakdown field of the ZnO thin film should be pursued.

The observed lateral field breakdown of 26.7 V/um is over an order of magnitude

lower than the theoretical electric field breakdown for single-crystal ZnO [42], leaving
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significant opportunity for extending device performance. One theory for the low
observed lateral field breakdown is that a leakage path on the backside of the channel
exists between the source and drain of the device. Minimizing the back-side conduction
path could be accomplished by using a thinner ZnO film, enabling the applied gate
voltage to control the backside of the channel. Another option is to apply a passivation
layer over the completed device. Device passivation is common practice for TFTs used
in the display market [30]. Furthermore, passivation and post-heat treatments on bottom-
gate IGZO and ZnO TFTs has been shown to significantly improve device performance,
including an increase in sub-threshold slope, decrease in hysteresis, and positive shift of

the threshold voltage [78, 79].

Results Overview

An attempt to pattern ZnO TFTs with nano-scale channel lengths by selective
SFs-RIE of tungsten though an e-beam defined etch mask was undertaken. SEM analysis
of the devices show etching of the ZnO channel occurred during the SF¢-RIE process
when utilizing ZEP520a as an e-beam defined mask. However, no thinning or attack was
observed when using a PMMA electron sensitive resist as the etch mask during the SFs-
RIE process. Therefore, it is hypothesized that the CICH; copolymer make-up of
ZEP520a is breaking down during the RIE process, resulting in Cl-contamination in the
plasma causing the ZnO to be attacked. Additionally, no attack of the ZnO thin-film was
observed when fabricating ZnO TFTs with micron scale channel lengths using a Ni etch
mask during the SFg-RIE process. These observations point to an interaction with

ZEP520a and the RIE process as the cause for the ZnO attack.
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Next, through selective SFg-RIE of tungsten films through openings in an e-beam
defined PMMA resist, ZnO TFTs as small as 155 nm were successfully fabricated. The
data show ZnO TFTs with 155 nm channels are capable of reaching drain current
densities of over 800 mA/mm at Vg = 10V and Vp = 3.5. Additionally, the width
normalized R,, of ZnO TFTs with 155 nm channels was measured at 3.6 Q' mm with an
observed total parasitic source and drain resistance (Rsp) of 2.1 Q'mm using gated-TLM.
The low R,, observed in this work is a requirement for use in switching applications
which require low insertion losses.

Unfortunately, the fabricated ZnO TFTs display a relatively low lateral
breakdown of 26.7 V/um, which is over an order of magnitude lower than single crystal
ZnO. Research in extending the lateral breakdown of the devices is required if ZnO TFTs
are to be used in high performance or RF switching applications. However, even a
modest increase in the lateral electric field breakdown of the ZnO thin-film would enable
ZnO TFTs to operate at drain current values over 1 A/mm. Figure 53 shows that average
maximum drain current density versus channel length (Ip-Lc) on a on a log-log plot for
ZnO TFTs with tungsten source and drain contacts patterned using a SF¢-RIE. Two trend
lines are shown, one for ZnO TFTs operating at Vp = 3.5V and another for ZnO TFTs
operating at Vp = 8V. Based on the data, doubling the lateral field electric field
breakdown to 52 V/um, would enable ZnO TFTs with 155 nm channels to operate at Vp
= 8V. Utilizing the extrapolated best fit curve, ZnO TFTs with 155 nm channels
operating at Vg = 10V and Vp = 8V could theoretically operate at drain current densities

over 2.9 A/mm at a total width DC power (=Ip x Vp) of 23 W/mm. The combination of

112



low Ry, and high performance of ZnO TFTs fabricated in this work demonstrates the

potential for ZnO TFTs to be used in high performance and RF switching circuits.
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Figure 53: Plot showing drain current density dependence on channel length (Ip-Lc) on a
log-log scale for ZnO TFTs with tungsten source and drain contacts patterned by SFs-RIE
operating at Vp = 3.5 and 8.0V. Symbols and line represent measured data and best fit,
respectively.

Summary
This chapter presented the data and observations found during device fabrication

and testing. The following chapter details conclusions found during research, the

significance of the work present and recommendations for continued research.
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V. Conclusion and Recommendations

Chapter Overview

This chapter provides a summary of the research conducted, significance of the

work and recommendations for continued research.

Summary of Research

The work presented in this thesis advanced the understanding of fabricating high
performance ZnO TFTs with nanometer scale channel lengths. The results show sputtered
tungsten is a promising ohmic contact material that can be etched against ZnO using a
fluorine-based RIE in order to define the active current carrying channel of the device.
SEM investigation of the fabricated ZnO TFTs with subtractively RIE defined tungsten
source and drain contacts revealed a highly anisotropic etch profile was achieved using a
CF4/0; and SFs RIE etch chemistry with a plasma platen power of 200W. Additionally,
no thinning of the underlying ZnO channel area was observed indicating a highly
selective etch was achieved. However, decreasing the RIE power below 150W for both
the CF4/O, and SFg RIE chemistries resulted in lateral etching and undercutting of the
etch mask. The observed lateral etching resulted in an increase in the measured effective
channel length and a decrease in electrical performance of the device.

Next, the DC electrical characteristics of ZnO TFTs with micron scale channel
lengths employing tungsten source and drain contacts defined by CF,/O, and SFg RIE at a
200W plasma power were investigated. The data show ZnO TFTs with tungsten contacts
patterned using a subtractive CF,/O, and SFg RIE process display similar electrical

performance to ZnO TFTs with lift off defined Ti/Pt/Au/Ni contacts. From the DC-IV
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data, no change in Ip, Gy and 5 was observed in ZnO TFTs patterned using the different
methodologies. Therefore it can be concluded that the CF4/O;, or SFg RIE process does
not damage or degrade the electrical characteristics of the ZnO thin film.

Next, fabrication of ZnO TFTs with nanometer scale channel lengths was
attempted by subtractive SFg-RIE of tungsten against ZnO through e-beam defined
openings in ZEP520a and a PMMA resist. When utilizing ZEP520a, unexpected attack of
the ZnO film during the RIE process was discovered by SEM. It is theorized that the
CICH3 co-polymer within ZEP520a outgases during the RIE process, resulting in chlorine
contamination in the plasma. ZnO is known to etch readily in Cl-containing plasmas,
thus the CI contamination is responsible for the attack of the active ZnO thin film.
Conversely, no thinning or attack of the ZnO channel was observed using a e-beam
defined PMMA etch mask which does not contain a Cl co-copolymer.

Finally, ZnO TFTs with SEM measured channel lengths as small as 155 nm were
successfully demonstrated by selective SFg-RIE of tungsten through e-beam defined
opening in PMMA. Electrical testing of the devices show ZnO TFTs with 155 nm
channels operate at maximum densities and transconductance values over 830 mA/mm
and 120-mS/mm, respectively. From the 1p-Vp data, a width normalized Ry, of 3.6 Q'-mm
at a Vg = 10V was calculated, with a total observed width normalized parasitic source and
drain resistance of 2.1 Q'mm, indicating the tungsten/ZnO interface is of low resistance.
Moreover, the data show DC current and power densities of 2.8 A/mm and of 23 W/mm,
respectively, are possible with a modest increase to the lateral field breakdown of the

ZnO thin-film. The demonstration of high current, extrapolated high power and low Ry,
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of ZnO TFTs in this works suggests the potential for ZnO TFTs in switching or RF power

applications of interest to the military.

Recommendations for Future Work

The stated goal of developing a subtractive RIE process for patterning ZnO TFTs
with nano-scale channel lengths in this thesis was met; however, several issues remain
open. First, the subtractive SFe-RIE process using an e-beam defined PMMA etch mask
was not optimized. A loading effect was observed during the SFes-RIE process when a
attempting to etch tungsten through e-beam defined openings in a PMMA resist. This
loading effect decreased the etch rate of tungsten in the SFe-RIE. Therefore, research
needs to be conducted to optimize the RIE process and ensure repeatable results.
Furthermore, higher viscosity PMMA solutions, or possibly other electron-beam sensitive
resists, should be utilized rather than relying on a double thickness of 495-PMMA-AG.
Additionally, a design of experiments should be completed in order to optimize the
exposure and develop times of the PMMA. This would allow for continued device
scaling, possibly enabling devices with channel lengths below 50 nm.

Next, although a low width-normalized Rsp of 2.1 Q'mm was observed using
gated-TLM, indicating the tungsten/ZnO interface is low resistance. The extracted Rsp
represents nearly 50% of the total Ry, of a 155 nm ZnO TFT. Therefore, research into
reducing the contact resistance should be investigated. Studies could include the use of
other refractory metals that can be etched using a fluorine based plasma process. Both
molybdenum (Mo) and tantalum (Ta) have been shown to etch in fluorine plasmas [80].

Additionally, sputtered TiW films should be revisited. One possible solution to the issues
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of etching TiW in this work would be to use a TiW target with a lower concentration of
titanium during the sputter deposition step. Additionally, other plasma processes such as
inductively coupled plasma (ICP) could be attempted. Finally, selective doping of the
ZnO thin film could be accomplished in an attempt to lower the barrier height of the
ZnO/tungsten interface.

Additionally, in future experiments, ZnO TFTs employing a metal gated
topology, rather than the substrate gated topology used in this work, need to be
investigated. A metal-gated topology would reduce the high source-to-gate (Css) and
drain-to-gate capacitances (Cps) associated with the substrate gated topology. Reducing
Css and Cps is critical for high frequency operation. Therefore, the use of a metal gated
topology would allow for ZnO TFTs with nanometer scale channel lengths patterned by
RIE to be tested for their RF levels of performance. Inserting previously observed
mobility values of ZnO thin-films of 110 cm?/Vs [17] along with the SEM measured
channel lengths of 155 nm patterned in this work into the unity gain cutoff frequency
equation shown in Equation 1.9, ZnO TFTs with 155 nm channels could theoretically
operate at cutoff frequencies over 60 GHz, making them suitable for microwave
electronic applications.

Finally, the low observed lateral breakdown of 26.7 V/um needs to be addressed
if ZnO TFTs are to be utilized in high performance and RF switching applications. One
theory for the low observed lateral field breakdown is due to a leakage path on the
backside of the channel. Minimizing the back-side conduction path could be
accomplished by using a thinner ZnO film, enabling the applied gate voltage to control

the backside of the channel. Another option is to apply a passivation layer over the
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completed device. Passivation treatments on bottom-gate IGZO TFTs has been shown to
significantly improve device performance, including an increase in sub-threshold slope,
decrease in hysteresis, and positive shift of the threshold voltage [78]. Other research
groups have investigated using SiO2 or Si3N, as passivation layers as well [79].
However, even a modest increase in the lateral electric field breakdown on the ZnO thin-
film would enable ZnO TFTs to operate at drain current values over 1 A/mm. The data
collected in this work demonstrate that ZnO TFTs with 155 nm channels operating at Vg
= 10V and Vp = 8V could reach drain current densities over Ip = 2.9 A/mm at a total

width DC power (=Ip x Vp) of 23 W/mm.

Significance of Research

Thin-film electronics, based on high performance ZnO TFTs, have the
opportunity to not only increase the effectiveness of existing electronic subsystems, but
also offer the possibility of developing novel electronic functions in non-traditional areas.
One example for future ZnO TFT technology of particular interest to the military is in
wireless communications systems or radar applications. In wireless communications and
radar systems a front-end module (FEM) is used as an interface between the antenna and
RF transceiver. A FEM typically consists of power amplifiers, switches, low-noise
amplifiers, control circuitry, and passive elements [77]. Traditionally, the power
amplifiers and switches in a FEM are manufactured using single-crystal GaAs or GaN
MMIC technology which are then connected to Si based control circuitry through
expensive wire-bonding or flip-chip technology. An alternative solution is to use ZnO

TFT technology to replace some of the FEM components.
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Utilizing ZnO TFT technology could enable complete wireless communication
systems to be fabricated on large area or even flexible substrates. Additionally, high
performance ZnO TFTs could be integrated directly on GaAs or GaN MMICs.
Integration of ZnO TFT technology with existing MMIC technology would reduce
weight, decrease form factor of the completed module and ultimately lower production
costs. Since Ry, scales with channel length, a primary decision in ZnO TFT optimization
for switching technology is reducing the channel length in order to decrease insertion
losses. In this research, deep sub-micron scaling of ZnO TFTs was investigated using a
novel fabrication process for patterning the source and drain contacts. The low Ry, and
extrapolated high DC power densities of ZnO TFTs fabricated in this work demonstrate
the potential of ZnO TFT technology for developing high performance and RF switching

circuits required for wireless communication and radar system applications.
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COX

RDrain
Ron
Rs

RSource

Al
Al,O3
Au
CFy
Cu

Cl
GaAs
GaN
H2
HCI
IGZO
N2

Appendix A: List of Symbols

oxide capacitance per unit length
transconductance

unity-gain cutoff frequency
drain current

gate current

channel length

channel resistance per unit length
parasitic drain resistance
source-to-drain on-resistance
sheet resistance

parasitic source resistance

Rsp
SSS
tox

Ufe
VeD

Vb
Ve
Von
Vi

We

parasitic source and drain resistance
sub-threshold swing

gate-oxide thickness

field-effect mobility

breakdown voltage

drain voltage

gate voltage

on voltage

threshold voltage

channel width

Appendix B. Elements and Element Compounds

Aluminum
Aluminum-Oxide
Gold
Carbon-tetraflouride
Copper

Chlorine
Gallium-Arsenide
Gallium-Nitride
Hydrogen
Hydrochloric acid
Induim-galluim-zinc-oxide

Nitrogen

Ni
O,
Pt

Si
SiO;
SFs
Ti
TiW

Zn0O
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Nickel

Oxygen

Platinum

Silicon

Silicon-Dioxide
Sulfur-hexaflouride

Titanium

Titanium tungsten alloy (10-90)
Tungsten

Zinc-oxide



Appendix C: Unaxis 790 Series Plasma System Etch Recipes

C.1: CF4/O; RIE Recipes

Etch Gas Flow Rate Chamber Plasma RF *DC Bias
Gas (sccm) Pressure Power (Volts)
(mTorr) (Watts)
CFJ/0O; 40:2 40 200 465
CF.J/0O; 40:2 40 150 223
CFJ/0O; 40:2 40 100 184
CFJ/O; 40:2 40 50 111
C.2: SFs RIE Recipes
Etch Gas Flow Rate Chamber Plasma RF *DC Bias
Gas (sccm) Pressure Power (Volts)
(mTorr) (Watts)
SFs 40 40 200 205
SFs 40 40 150 130
SFs 40 40 100 85
SFs 40 40 50 40

121



[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

References

X. Guo, R. Sporea, J. M. Shannon and S. R. P. Silva, "Down-scaling of Thin-Film
Transistors: Opportunities and Design Challenges,” ECS Transaction, vol. 22,
no. 1, pp. 227-238, 2009.

R. S. Muller and T. I. Kamins, Device Electronics for Integrated Circuits, 3 ed.,
Danvers, MA: John Wiley & Sons, Inc., 2003.

R. S. C. Cobbold, Theroy and Applications of Field-Effect Transistors, John Wiley
& Sons, Inc., 1970.

S. M. Sze and K. N. Kwok, Physics of Semiconductor Devices, Hobeken, New
Jersey: John Wiley & Sons, Inc., 2007.

P. T. Brody, "The Thin Film Transistor-A Late Flowering Bloom," IEEE
Transactions on Electron Devices, Vols. ED-31, no. 11, pp. 1614-1628, 1984.

J. Y. Kown, K. S. Son, J. S. Jung, T. S. Kin, M. K. Ryu, K. B. Park, B. W. Yoo, J.
W. Kim, Y. G. Lee, K. C. Park, S. Y. Lee and J. M. Kim, "Bottom-Gate Gallium
Indium Zinc Oxide Thin-Fim Transistor Array for High-Resolution AMOLED
Display,” IEEE Electron Device Letters, 2008.

Y. Kuo, "Thin Film Transistor Technology - Past, Present and Future,” The
Electrochemical Society Interface, pp. 55-61, 2013.

S. Kim, J. Park, C. Kim, S. Kim, H. Yin, J. Lee, E. Lee and Y. Park, "High-
performance oxide thin film transistors passivated by various gas plasmas,” The
Electromecanical Society, 2008.

H. Xu, L. Lan, M. Xu, J. Zou, L. Wang, D. Wang and J. Peng, "High performance
indium-zinc-oxide thin-film transistors fabricated with a back-channel-etch-
technique," American Institute of Physics, vol. 99, no. 253501, 2011.

[10] Z. Ye, L. Lu and M. Wong, "Zinc-Oxide Thin-Film Transistor With Self-Aligned

Source/Drain Regions Doped With Implanted Boron for Enhanced Thermal
Stability,” IEEE Transactions on Electron Devices, vol. 59, no. 2, pp. 393-399,

122



[11] D.

[12] B.

[13] B.

[14] R.

[15] E.

[16] T.

[17] B.

[18] B.

[19] H.

2012.

Rogers and H. F. Teherani, ZnO: From Transparent Conducting Oxide to
Transparent Electronics, Elsevier Ltd., 2010.

Bayraktaroglu, K. Leedy and R. Neidhard, "Microwave ZnO Thin-Film
Transistors," IEEE Electon Device Letters, vol. 29, no. 9, pp. 1024-1026, 2008.

Bayraktaroglu, K. Leedy and R. Neidhard, "High-Frequency ZnO Thin-Film
Transistors on Si Substrates,” IEE Electron Device Letters, vol. 30, no. 9, pp.
946-948, 2009.

H. Reuss, B. R. Chalamala, A. Moussessian, M. G. Kane, A. Kumar, D. C.
Zhang, J. A. Rogers and M. Hatalis, "Macroelectronics: Perspectives on
Technology and Applications,” Proceedings of the IEEE, vol. 93, no. 7, pp.
1239-1256, 2005.

Fortunato, P. Barquinha, G. Goncalves, L. Pereira and R. Martins, "High mobility
and low threshold voltage transparent thin film transistors based on amorphous
indium zinc oxide semiconductors,” Solid-State Electronics, no. 52, pp. 443-448,
2008.

Hirao and H. T. T. M. C. L. Mamoru Furuta, "Bottom-Gate Zinc Oxide Thin-Film
Transistors for AM-LCDs," IEEE Transactions on Electron Devices, vol. 55, no.
11, pp. 3136-3142, 2008.

Bayraktaroglu and K. Leedy, "Ordered Nanocrystalline ZnO Films For High
Speed and Transparent Thin Films Transistors,” in IEEE International
Conference on Nanotechnology, Portland, Oregon, USA, 2011.

Bayraktaroglu and K. Leedy, "Self-assembled nanocrystalline ZnO thin film
transistor performance optimization for high speed applications,” Turkish
Journal of Physics, pp. 1-16, 2014.

Bong, W. H. Lee, D. Y. Lee, B. J. Kim, J. H. Cho and K. Cho, "High-mobility
low-temperature ZnO transistors with low-voltage operation,” American Institute
of Physics, vol. 96, 2010.

123



[20] P. F. Carcia, R. S. McLean, M. H. Reilly and G. Nunes, "Transparent ZnO thin-fim
transistor fabricated by RF magnetron sputtering,” Applied Physics Letters, vol.
82, no. 7, pp. 1117-1119, 2002.

[21] D. Luo, H. Xu, M. Li, H. Tao, L. Wang, J. Peng and M. Xu, "Effects of Etching
Residue on Positive Shift of Threshold Voltage in Amorphous Indium-Zinc-
Oxide Thin-Film Transistors Based on Back-Channel-Etch Structure,” IEEE
Transactions on Electron Devices, vol. 61, no. 1, pp. 92-97, 2014.

[22] M. L. Herold, Selectrive Dry Etch For Defining Ohmic Contacts For High
Performance ZnO TFTs, Wright Patterson AFB, OH: Department of the Air
Force, Air University, 2014.

[23] R. L. Hoffman, "ZnO Thin-Film Transistors," in Zinc Oxide Bulk, Thin Films and
Nanostructures, C. Jagadish and S. Pearton, Eds., Oxford, Elsevier Ltd., 2006,
pp. 415-440.

[24] A. Sharma, C. Madhu and J. Sing, "Performance Evaluation of Thin FlIm
Transistors: History, Technology Development and Comparison,” International
Journal of Computer Applications, vol. 89, no. 15, pp. 36-40, 2014.

[25] A. C. Tickle, Thin-Film Transistors, New York: John Wiley & Sons, Inc., 1969.

[26] U. 0. Cambridge, "Atomic Scale Structure of Materials,” University of Cambridge, 2
4 2015. [Online]. Available: http://www.doitpoms.ac.uk/tlplib/atomic-scale-
structure/intro.php.

[27] H. Hosono, "lonic amorphous oxide semiconudctors: Material design, carrier
transport, and device application," Journal of Non-Crystalline Solids, vol. 352,
pp. 851-858, 2006.

[28] J. F. Wager, "ZnO Transparent Thin-Film Transistor Device Physics,"” in Zinc Oxide
- A Material for Micro and Optoelectronic Applications, Netherlands, Springer,
2006, pp. 217-224.

[29] R. L. Hoffman, "ZnO-channel thin-film transistors: Channel mobility,” Journal of
Applied Physics, vol. 95, no. 10, pp. 5813-5819, 2004.

124



[30] J. Kanicki and S. Martin, "Hydrogenated Amorphous Silicon Thin-Film
Transistors," in Thin-Film Transistors, C. R. Kagan and P. Andry, Eds., New
York, Marcel Dekker, Inc., 2003, pp. 71-135.

[31] S. J. Park, W.-J. Maeng, H.-S. Kim and J.-S. Park, "Review of rectent developments
in amorphous oxide semiconductor thin-film transistor devices," Thin Solid
Films, vol. 520, pp. 1679-1693, 2012.

[32] W.-S. Kim, Y.-K. Moon, S. Lee, B.-W. Kang, T.-S. Kown, K.-T. Kim and J.-W.
Park, "Copper source/drain electrode contact resistance effects in amorphous
indium-gallilulm-zinc-oxide thin film transistors," P hys. Status Solidi RRL, vol.
3, no. 7, pp. 239-241, 2009.

[33] Y. Yamamato, "Technological Innovation of Thin-Film Transistors: Technology
Development, History, and Future,” Japanese Journal of Applied Physics, vol.
51, no. 060001, pp. 1-12, 2012.

[34] M. Ofuji, K. Abe, H. Shimizu, N. Kaji, R. Hayashi and M. Sano, "Fast Thin-Film
Transistor Circuits Base on Amorphous Oxide Semiconductor,” IEEE Electron
Device Letters, vol. 28, no. 4, pp. 273-276, 2007.

[35] H. Hosono, "lonic amorphous oxide semiconductors: Material design, carrier
transport, and device application," Journal of Non-Crystallien Solids, vol. 352,
pp. 851-858, 2006.

[36] A. Jamshidi-Roudbari, S. A. Khan and M. K. Hatalis, "High-Frequency Half-Bit
Shift Register With Amorphous-Oxide TFT," IEEE Electron Device Letters, vol.
31, no. 4, pp. 320-322, 2010.

[37] X. Li, K. Hee, D. Geng and J. Jang, "High-Speed Dual-Gate a-1GZO TFT-Based
Circuits With Top-Gate Offset Structure," IEEE Electron Device Leters, vol. 10,
pp. 461-463, 2014.

[38] A. Janotti and C. G. Van de Wall, "Fundametals of zinc oxide as a semiconductor,”
IOP Publishing Ltd, UK, 2009.

[39] E. Fortunato, P. Barquinha, A. Pimentel, G. Goncalves, A. Marques, L. Pereira and
R. Martins, "Recent advances in ZnO transparent thin film transistors,” Thin
Solid Films, no. 487, pp. 205-211, 2005.

125



[40] U. Ozgur, D. Hofstetter and H. Morkoc, "ZnO Devices and Applications: A Review
of Current Status and Future Prospects,” Proceedings of The IEEE, vol. 98, no.
7, pp. 1255-1268, 2010.

[41] J. Guerts, "Crystal Structure, Chemical Binding, and Lattice Properties," in Zinc
Oxide: From Fundamental Properties Towards Novel Applications, Berlin,
Springer, 2010, pp. 7-35.

[42] Z. C. Feng, Handbook of Zinc Oxide and Related Materials: Volume 1, Boca Raton,
FL: CRC PRess, 2013.

[43] C. Klingshrin, "Past, Present and Future Applications,” in Zinc Oxde: From
Fundametnal Properties Towards Novel Applications, Berlin, Springer, 2010,
pp. 325-339.

[44] C. Jagadish and V. Coleman, "Basic Properties and Applications of ZnO," in Zinc
Oxide Bulk, Thin Films and Nanostructures, C. Jagadish and S. Pearton, Eds.,
Oxford, Elsevier Ltd, 2006, pp. 1-20.

[45] A. Nathan, S. Lee, S. Jeon, I. Song and U.-I. Chun, "Transparent Oxide
Semiconductors for Advanced Dsiplay Applications,” Publication of the Society
for Information Display, vol. 29, no. 1, pp. 6-11, 2013.

[46] D. C. Look, "Progress in ZnO Materials and Devices," Journal of Electronic
Materials, vol. 35, no. 6, pp. 1299-1305, 2006.

[47] D. C. Look, "Doping and Defects in ZnO," in Zinc Oxide Bulk, Thin Films and
Nanostructures, J. Chennupati and S. Peraton, Eds., Oxord, Elsevier Ltd., 2006,
pp. 21-42.

[48] P.-K. Shin, Y. Aya, T. Ikegami and K. Ebihara, "Application of pulsed laser
deposited zinc oxide films to thin film transistor device,” Thin Solid Films, vol.
516, June 2008.

[49] Y. H. Hwang, S.-J. Seo and B.-S. Bae, "Fabrication and characterization of sol-gel-
derived zinc oxide thin-film transistor,” Materials Research Society, vol. 25, no.
4, pp. 695-700, April 2010.

126



[50] K. Ellmer, "Electrical Properties,” in Transparent Conductive Zinc Oxide: Basics
and Applications, Berlin Heidelberg, Springer, 2008, pp. 35-72.

[51] E. M. Kaidashev, M. Lorenz, H. v. Wenckstern, A. Rahm and H.-C. Semmelhack,
"High electron mobility of epitaxial ZnO thin films on c-plane sapphire,"
Applied Physics Letters, vol. 82, no. 22, pp. 3901-3908, 2003.

[52] M. Lorenz, "Pulsed Laser Deposition of ZnO-Based Thin Films," in Transparent
Conductive Zinc Oxide, Berlin, Germany, Springer, 2008, pp. 303-350.

[53] V. Gupta and K. Sreenivas, "Pulsed Laser Deposition of Zinc Oxide (ZnO)," in Zinc
Oxide Bulk, Thin Films and Nanostructures, C. Jagadish and S. Pearton, Eds.,
Oxford, Elsevier Ltd., 2006, pp. 85-174.

[54] L. J. Brillson, "The Structure and Properties of Metal-Semiconductor Interfaces,"”
North-Holland Publishing Company, 1982.

[55] K. Ip, S. J. Pearton and D. Norton, "Advances in Processing of ZnO," in Zinc Oxide
Bulk, Thin Films and Nanostructures, Oxford, UK, Elsevier, 2006, pp. 314-338.

[56] J.-H. Lim and S.-J. Park, "Contacts to ZnO," in Zinc Oxide Bulk, Thin Films and
Nanostructures, Oxford, UK, Elsevier, 2006, pp. 267-283.

[57] D. K. Schroder, Semiconductor Material and Device Characterization, Hoboken, NJ:
John Wiley & Sons, Inc., 2006.

[58] S. Martin, C.-S. Chiang, J.-Y. Nahm, T. Li and J. Kanicki, "Influence of the
Amorphous Silicon Thickness on Top Gate Thin-Film Transistor Electrical
Performances," Japanese Journal of Applied Physics, vol. 40, no. 1, pp. 530-537,
2001.

[59] R. C. Jaeger, Introduction To Microelectronic Fabrication, V ed., Addison-Wesley
Publishing Company, Inc., 1993.

[60] S. A. Cambell, "Etching," in Fabrication Engineering at the Micro and Nanoscale,
New York, Oxford University Press, 2013, pp. 297-336.

[61] G. May and S. Sze, Fundamentals of Semiconductor Fabrication, John Wiley &

127



Sons, Inc., 2004.

[62] R. Panwar, "Recent Developments, Issues and Challenges for Lithography in ULSI
Fabrication,” Internation Journal of Electronics and Computer Science
Engineering, vol. 1, no. 2, pp. 702-711, 2012.

[63] Fizmatlit, "Gusev A. I. Nanomaterials, Nanostructures, and Nanotechnologies,"
Moscow, p. 416.

[64] Z. E. C. [online-source], "ZEP520A Technical Report,” ZEON Corporation,
Electronics Materials Division,
https://www.zeonchemicals.com/pdfs/ZEP520A.pdf, 2010.

[65] Microchem [online-source], "PMMA Data Sheet," www.microchem.com, 2014,

[66] D. M. Manos and D. L. Flamm, Plasma Etching: an Introduction, San Diego, CA:
Academic Press, Inc., 1988.

[67] M. Corp, "Innovative Chemical Solutions For MEMS and Microelectronics," 4 2
2015. [Online]. Available: http://mww.microchem.com/Prod-PMGI_LOR.htm.

[68] W. Wu and P. K. McLarty, "Reactive ion etching induced damage with gas mixtures
CHF3/02 and SF6/02".

[69] J. D. Plummer, M. Deal and P. Griffin, Silicon VLSI Technology: Fundamentals,
Practice, and Modeling, Upper Saddle River, NJ: Prentice Hall, 2000.

[70] T. Ma, "Technology, High-k Gate Dielectrics for Future CMOS," Yale University,
Center for Microelectronics and Department of Electrical Engineering, New
Haven, CT, 2004.

[71] S. M. George, A. W. Ott and J. W. Klaus, "Surface Chemistry for Atomic Layer
Growth,"” The Journal of Physical Chemistry, vol. 100, no. 31, pp. 13121-13131,
1996.

[72] J. Siddiqui, E. Cagin, D. Chen and J. Phillips, "ZnO thin-film transistors with
polycrystaline TiO3 gate insulators,” Applied Physics Lettes, vol. 212903, no. 88,
pp. 1-3, 2006.

128



[73] A. Picard and G. Turban, "Plasma Etching of Refractory Metals (W, Mo, Ta) and
Silicon in SF6 and SF6-O2. An Analysis of the Reaction Products,” Plasma
Chemistry and Plasma Processing, vol. 5, no. 2, pp. 333-352, 1985.

[74] S. Na, M. Shin, Y. Chung., J. Han, S. Jeung, J. Boo and N. Lee, "Etching
characteristics of ZnO thin films in chlorine-containing inductively couples
plasmas," Microelectronic Engineering, vol. 83, pp. 328-335, 2005.

[75] N. H. Weste and D. M. Harris, "MOS Transistor Theory," in CMOS VLSI Design: A
circuits and Systems Perspective, New York, NY, Addison-Wesley, 2011, pp.
61-95.

[76] "Decrease in effective electron mobility in the cahnnel of a metal-oxide-
semicondcutor transistor as the gate length is reduced,"” Physics of
Semiconductor Devices, vol. 42, no. 2, pp. 215-219, 2007.

[77] A. B. Joshi, Y. C. S. Lee and T. Lee, "Optimized CMOS-SOI Process for High
Performance RF switches," in SOl Conference, IEEE International, NAPA, CA,
2012.

[78] D. H. Cho, S. H. Yang, J. Shin, C. Byun and M. k. Ryu, "Passivation of Bottom-
Gate IGZO Thin-Film Transistors,” Journal of the Korean Physical Society, vol.
54, no. 1, pp. 531-534, 2009.

[79] D. A. Mourey, M. S. Burberry, A. D. Zhao, Y. V. Li, S. F. Nelson and L. Tutt,
"Passivation of ZnO TFTs," Journal of the Society for Inormation Display, vol.
18, no. 10, pp. 753-761, 2012.

[80] R. Shul and S. Pearton, Handbook of Advanced Plasma Processing RTechniques,
Berlin, Germany: Springer, 2000.

129



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 074-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing
instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send
comments regarding this burden estimate or any other aspect of the collection of information, including suggestions for reducing this burden to Department of
Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204,
Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to an penalty for failing to
comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) [ 2. REPORT TYPE 3. DATES COVERED (From - To)
26-03-2015 Master’s Thesis September 2014 — March 2015

TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Subtractive Plasma-Assisted-Etch Process for Developing High ©b. GRANT NUMBER

Performance Nanocrystalline Zinc-Oxide Thin-Film-Transistors

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER N/A

Donigan, Thomas, M. First Lieutenant, USAF Se. TASKNUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(S) 8. PERFORMING ORGANIZATION

Air Force Institute of Technology REPORT NUMBER

Graduate School of Engineering and Management (AFIT/EN)

2950 Hobson Way, Building 640 AFIT-ENG-MS-15-M-027
WPAFB OH 45433-8865

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
Air Force Research Laboratory, Sensors Directorate

241 Avionics Circle, Building 600 AFRL/RYDD

WPAFB OH 45433-8865 11. SPONSOR/MONITOR'S REPORT NUMBER(S)
Gregg.Jessen@us.af.mil

937-528-8696

ATTN: Gregg Jessen, Ph.D.

12. DISTRIBUTION/AVAILABILITY STATEMENT
DISTRUBTION STATEMENT A. APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

13. SUPPLEMENTARY NOTES
This material is declared a work of the U.S. Government and is not subject to copyright protection in the
United States.

14. ABSTRACT

Thin-Film-Transistors (TFTs) employing undoped zinc-oxide (ZnO) thin-films are currently being investigated by
the Air Force for microwave switching applications. Since the on-resistance (R,,) of the device scales with channel
length (Lc), ZnO TFT optimization should be focused on reducing L¢, therefore minimizing the associated
insertion losses. In this research, deep sub-micron scaling of ZnO TFTs was undertaken using a subtractive
reactive-ion-etch (RIE) process. Under optimum processing conditions, ZnO TFTs with L¢ as small as 155 nm
were successfully demonstrated. The active ZnO channels of the TFTs were patterned by selective SF-RIE of a
tungsten ohmic film through electron-beam defined openings in a polymethyl-methacrylate (PMMA) based resist.
Through electrical testing, the width normalized R,, of ZnO TFTs with 155 nm channels was extracted as 3.6
Q-mm and the devices were found to operate at drain current densities and transconductance values of 830 mA/mm
and 121 mS/mm, respectively. Additionally, a total width-normalized source and drain parasitic resistance of 2.1
Q-mm was observed using a gated transfer length method (TLM), indicating the tungsten-ZnO interface is low
resistance. This demonstration of high performance and low R,, suggests the potential for ZnO TFTs in switching
and microwave power applications.

15. SUBJECT TERMS
Zinc Oxide, ZnO, TFT, Thin Film Transistor, Device Scaling, Reactive lon Etching, RIE

16. SECURITY CLASSIFICATION | 17. LIMITATION 18 19a. NAME OF RESPONSIBLE PERSON
OF:U OF ABSTRACT .NUMBER Derrick Langley, AFIT/ENG

a. b. c. OF PAGES [ 19p, TELEPHONE NUMBER (Include area code)
Report | ABSTRACT | THIS. uu 151 (937) 255-6565, ext 6165

U U U (derrick.langley @afit.edu)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18

130



mailto:Gregg.Jessen@us.af.mil

	Abstract
	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	List of Equations
	I. Introduction
	Background
	Motivation
	Problem Statement
	Justification
	Approach
	Methodology
	Summary

	II. Background and Literature Review
	Chapter Overview
	Thin-Film-Transistors
	Device Overview
	Structure
	Theory of Operation
	Figures of Merit
	Research in High Performance TFTs

	Zinc Oxide
	Electronic Properties
	Crystal Structure
	Electron Transport
	Intrinsic Defects
	Thin-Film Growth

	Contacts to ZnO
	Ohmic Contacts
	Rectifying Contacts
	Transfer Length Method

	Fabrication Processes and Definitions
	Film Deposition
	Sputtering
	Electron Beam Evaporation

	Lithography
	Optical Lithography
	Electron-Beam Lithography

	Pattern Transfer
	ADDITIVE: Lift-Off
	SUBTRACTIVE: Wet Etching
	SUBTRACTIVE: Plasma Etching


	Summary

	III. Methodology
	Chapter Overview
	Materials and Equipment
	Lithography Mask Set
	Zinc-Oxide Thin Films
	Source and Drain Contact Materials
	Aluminum-Oxide
	RIE Plasma System

	Material Etch Rate Study
	Device Fabrication
	Optical Lithographical Defined Devices
	Fabrication Overview

	Electron-Beam Lithographical Defined Devices
	Fabrication Overview


	SEM Analysis
	Device Testing
	Summary

	IV. Results and Analysis
	Chapter Overview
	Tungsten Device Study
	Optical Analysis
	SEM Analysis
	DC –IV Analysis.
	Results Overview

	Titanium-tungsten Device Study
	Optical Analysis

	Lift-Off Comparison Study
	DC-IV Analysis
	Sheet Resistance Extraction
	Device Scaling Comparison
	Results Overview

	E-Beam Device Study Using ZEP
	SEM Investigation
	DC-IV Analysis
	Results Overview

	E-Beam Device Study Using PMMA
	SEM Investigation
	DC-IV Analysis
	Contact Resistance Extraction
	Lateral Break-Down Voltage
	Results Overview

	Summary

	V. Conclusion and Recommendations
	Chapter Overview
	Summary of Research
	Recommendations for Future Work

	Appendix B. Elements and Element Compounds
	Appendix C: Unaxis 790 Series Plasma System Etch Recipes
	References

